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ABSTRACT
INVESTIGATION OF PARAMETER EFFECTS ON IMPACT
WELDING AND MODELLING OF PROCESS
By
Shunyi Zhang
University of New Hampshire, May, 2021
There is a growing interest in creating light weight structures in various industries such as
automobile, electronics, and aerospace in order to reduce energy consumption. One means to
achieve mass reductions is to join or weld dissimilar materials to create lightweight structures.
However, traditional fusion welding processes cannot be used for such dissimilar materials
applications due to differences in material characteristics and the tendency to form brittle
intermetallic compounds. One approach to join dissimilar materials is through high speed impact
welding. With appropriate process parameters, a wavy interfacial morphology is commonly
obtained at the interface of the two impact welded partners in high speed impact welding.

In this dissertation research, effects of several process parameters on the interface morphology
were investigated through two different impact welding processes, Magnetic Pulse Welding
(MPW) and Vaporized Foil Actuator Welding (VFAW). Effects of impact velocity, target
thickness, and supporting mandrel inclusion were investigated through the welding of tubular parts
Al6060T4 (flyer) to Cu-ETP (target), by MPW. The influence of flyer thickness and impact angle
were investigated in VFAW using a material combination of Al1100-O and 1018 Steel. The target

vii

material properties’ effects were also examined by MPW through the joints between Al1100-O
and various target materials. In addition, numerical analyses were used to verify the aforementioned experimental observations. The traditional Lagrangian Finite Element Analysis (FEA)
method is not feasible to model high speed impact welding due to excessive element distortions at
the interface. Alternatively, Smoothed Particle Hydrodynamics (SPH) and Arbitrary LagrangianEulerian (ALE) methods were used to numerically investigate the interface morphology as well as
the influence of process parameters for the material combinations mentioned above. Both
experimental and numerical results indicated that the interfacial wavelength increased with both
increasing flyer thickness and impact angle for the mateiral combination of Al1100-0 and 1018
steel. Increasing impact velocity and target thickness, and inserting a mandrel into a tubular thin
target, resulted in wavelength growth for the Al6060T4 and Cu-ETP material system. Vortices can
also be obtained for this material combination with appropriate impact velocity (larger than 300
m/s) and a well-supported target. Finally, low yield strength of the target material led to a wavy
interface for the material system of Al1100-O and copper alloys.

In order to further understand the science behind high speed forming and welding processes as
well as benefits of various numerical simulation methodologies, SPH and Eulerian methods were
utilized to simulate the CP-Ti/Cu110 bimetallic system. Several process parameters calculated by
both methods were in a good agreement, and the accuracy of the results was corroborated by
comparisons with experimental observations.

Lastly, as a part of this dissertation research, a coupled electromagnetism-structural numerical
analysis was conducted to accurately capture the material deformation in Electromagnetic Forming

viii

(EMF) for sheet metals using a coil design called a Uniform Pressure Actuator (UPA). The
inclusion of relative motion between the workpiece and outer channel allowed accurate predictions
of displacements and velocities of the workpiece. A simplified analytical model was derived to
predict the forming pressure and shell theory for mechanical deformation. Velocity and the final
deformed part shape are compared between the numerical, analytical, and experimental methods.
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1.INTRODUCTION
About 100 years ago, scientists and researchers first attempted to generate electromagnetic forces
or pressures that exceeded the yield strengths of commonly used metals [1]. Due to the limited
techniques and equipment, the experiments or attempts were not continued in earnest until 40 years
later [2]. Electromagnetic Forming (EMF) process was derived as a spinoff technology from
nuclear energy programs. In recent decades, the EMF process has been investigated extensively
because of potential advantages over traditional techniques, e.g., higher elongation prior to fracture,
improved dimensional accuracy, resistance to wrinkling, and reduced springback [3]. EMF is a
contactless technique where the magnetic pressure is generated through pure electromagnetics. A
capacitor bank is charged and then a large amount of energy (on the order of tens to hundreds of
kJ) is dissipated into a specially designed coil. The current trace, which is a damped sinusoid,
produces a magnetic field. Eddy currents in the opposite direction of the incident current are
generated in any conductive material in proximity to the coil., e.g., the workpiece. Owing to these
two currents and magnetic fields, repulsive Lorentz forces are generated between the coil and
workpiece. When properly applied, the workpiece can be accelerated to several hundred meters
per second while travelling over a few millimeters.

A ubiquitous application of EMF, called Magnetic Pulse Welding (MPW), is when a second
stationary workpiece is impacted by the accelerated one at a critical angle and velocity to create a
solid-state weld (see Figure 1.1). Joining by MPW can produce a bond even stronger than the
parent components [4], because of the absence of a heat affected zone. MPW therefore allows the
joining of dissimilar materials with varying material characteristics and without surface
preparation [5]. Besides MPW, Vaporizing Foil Actuator Welding (VFAW) was developed by
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Daehn’s group [6]. Instead of using electromagnetic pressure, the workpiece in VFAW is driven
by the plasma generated during rapid metal vaporization. Thin aluminum foil connected to the
terminals of a capacity bank can be vaporized by a large amount of energy flowing through it in
tens of microseconds. The pressure created then is directed to the workpiece, accelerating it to a
high speed toward a target sheet. Figure 1.2 shows a schematic of the VFAW apparatus at Ohio
State University (OSU) [8]. MPW and VFAW are the two impact welding processes that are used
to investigate the effects of process parameters on interface morphologies in this dissertation.

Figure 1.1 . Schematic of tubular magnetic pulse welding, a) geometrical setup within the working area

of a coil, b) joining of two tubular workpieces, c) key parameters at the collision point, and d) cross
sectional view of welded specimen [7].

With appropriate process parameters, a wavy interfacial morphology is commonly obtained at the
interface of the two impact welded partners. Some wavy interfacial morphologies are so
pronounced that vortices are observed. Although intact straight weld seams have been reported in
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the literature, these interfacial waves indicate a sound weld due to the increased contact surface
and material interlocking at the interface. Although the impact angle and impact velocity are
considered as most important process parameters in impact welding, contribution of other
parameters to the interface pattern and welding quality cannot be overlooked. In this dissertation,
effects of various process parameters including flyer thickness, target thickness, and material
properties, as well as impact velocity and impact angle, were investigated in different material
combinations.

Figure 1.2 . Schematic of VFAW [8].

In Chapter 2, the results from a systematic investigation of the effects on the interface morphology
from varying the flyer thickness, while the impact angle was controlled, are reported. VFAW was
used in this chapter to investigate the flyer thickness effect of a material combination of Al1100O and AISI 1018 steel. To exclude the effect of impact velocity, a Photon Doppler Velocimetry
(PDV) system was used in experiments to measure and control the velocity of flyers with different
thicknesses. The laser signal from PDV was focused on the welding surface of the flyer. A Doppler
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shifted light was produced by the moving surface of the flyer during VFAW, then combined with
the incident light signal to produce a beat frequency, which is proportional to the velocity of the
moving surface [9]. A small hole was drilled into the target to provide a line of sight for the PDV
laser probe (see Figure 1.2). In addition, the impact angle effect was tested by using a target with
pre-set grooves. Numerical analyses were conducted in ABAQUS/EXPLICIT. Arbitrary
Lagrangian Eulerian (ALE) adaptive meshing was used for the two-dimensional plane strain
reduced integration elements at the interface to avoid excessive distortion and obtain accurate
results.

In Chapter 3, effects of impact velocity, target tube thickness, and mandrel inclusion on the
interfacial morphology were investigated through the welding of tubular parts, Al6060T4 (flyer)
to Cu-ETP (target), by MPW. The hypothesis tested in this chapter is that a “well-supported target”,
i.e., either a thick target or the support of a mandrel, allows for vortices to be created at the interface
during MPW provided that the impact velocity is sufficient. The mandrel used in the experiments
was polyurethane with a Shore hardness of 92A, which was pre-stressed via a washer and nut. The
impact velocity was measured via PDV and used for the setup of numerical simulations. A 2D
axisymmetric numerical model using Smoothed Particle Hydrodynamics (SPH) method was
implemented in LS-DYNA to predict the interfacial morphology. Thermal analyses in the
numerical model were used to predict the local melting locations and compared with experimental
observations.

In Chapter 4, tubular Al1100 and various copper alloys joints were fabricated to investigate the
interfacial morphology and target material properties dependency during MPW. The influence of
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two material properties, i.e., yield strength and density was studied, and the interface morphology
features were visually investigated. Numerical analyses using SPH were also conducted in LSDYNA and validated the interface morphologies observed experimentally.

Numerical simulations provide an alternative technique to investigate the high speed, impact
welding process for parameters that are difficult to measure experimentally. However, finite
element analyses (FEA) for impact welding processes are challenging due to the highly dynamic
nature of the process and large local deformation in the vicinity of the welding zone. Therefore,
using the traditional Lagrangian FEA method is not feasible due to excessive element distortions
at the interface. Alternatively, multiple methods including ALE, SPH, and Eulerian are commonly
used to investigate the interfacial morphology. The ALE method implemented in ABAQUS is
appropriate when there is no formation of vortices at the interface, while Eulerian and SPH
methods are capable of handling even larger local plastic deformation. Therefore, in Chapter 5,
these numerical methods were used to investigate the interface, where the local, large plastic
deformation occurred, of two materials, CP-Ti (flyer) and Cu110 (base), at high strain rates.
Numerically predicted a wavy morphology, temperature, shear velocity, etc. by these methods
were compared. In addition, the wavelength obtained in numerical analysis was validated by
experimental observations.

Finally in Chapter 5, an EMF process using a Uniform Pressure Actuator (UPA) was investigated
through electro-magnetic-mechanically coupled numerical simulations. A simplified analytical
model to predict the forming pressure was developed which includes shell theory for mechanical
deformation. Experimental results were generated, which included PDV to measure the
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deformation. Velocity and the final deformed part shape were compared between the numerical,
analytical, and experimental methods. Chapter 6 provides conclusions for this dissertation research
and an outlook for high velocity processes.

6

2.FLYER THICKNESS AND IMPACT
ANGLE EFFECTS
This chapter is created from: Lee, T., Zhang S., Vivek A., Kinsey B., and Daehn G., 2018.
“Flyer thickness effect in the impact welding of Aluminum to Steel”, Journal of
Manufacturing Science and Engineering. Vol.140 121002-1. (Lee was the Ohio State
University PhD student who worked on the experimental component of this research
collaboration while I contributed all of the numerical simulation results.)

2.1 Introduction
The ability to join dissimilar or advanced metals can be enabling to many advanced structural
designs. Most commercial processes use fusion welding to break the surface oxides and mix the
alloys. However, when dissimilar metals intermix, they generally form complex brittle
intermetallic compounds (IMCs) [10]. Dissimilar melting points also cause great practical
problems in fusion welding, when one material requires much higher heat input than the other.
Because of both reasons, intermediate metals or braze layers are often used, increasing cost and
weight in the weld, and produce poor mechanical strength.

Solid-state welding provides solutions to some of these problems, as it generates metallurgical
bonding without significant melting. Although local heating may occur, the molten zone may be
small or isolated and thus not provide a path for crack propagation. Despite the advantages of
solid-state welding, only few techniques have been commercialized. Friction stir welding is the
technique that is probably most commonly used. However, the heat input used by the process is
typically high enough to generate heat-affected zones, which can include softening by
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unintentional grain growth, dissolution of precipitates, and possibly formation of brittle martensite
phase in steels [11].

Impact welding is another solid-state welding method that can weld various alloys while
introducing minimal heat. Cowan et al. [12] explained that impact welding uses a high impact
speed of an oblique angle to “jet” off the original surfaces, including oxides and contaminants, and
form metallurgical bonds. When process parameters are optimized, the impact condition allows
nascent metals from the flyer and target to become in contact without overheating the material, so
that a high strength weld can be obtained between dissimilar metals without forming any
significant heat affected zones [13]. Explosive welding, MPW, VFAW, and laser impact welding
are all means of driving impact welding [4].

Understanding and controlling each process parameter is essential to assess microstructural control.
Relationships between certain process parameters and weldability have mostly been proposed and
proved empirically. For instance, Jaramillo et al. [14] suggested that there must be a range provided
for impact angle and collision point velocity to achieve welding. If the speeds are too low,
sufficient pressure is not available to drive intimate contact. If the speeds are too large, jetting can
be suppressed.

Varied welding materials and conditions provide very different weld morphologies. A regular and
wavy interface is commonly seen in an impact weld and is similar to hydrodynamic turbulent flow.
For example, based on the Kelvin–Helmholtz instability mechanism, Hunt [15] proposed that this
instability occurs between the jetted material from the surfaces and the parent material. The

8

instability must involve severe plastic deformation in the vicinity of the weld interface to generate
the wavy features. Another mechanism for the interfacial wave formation was proposed by
Blazynski [16] which was explained as the interaction between elastic stress waves traveling
through the materials as they are reflected off the surface on the other side. He claimed that the
distinguishable wavy features are made when these shock waves interfere at a coincident location.
These mechanisms have provided a useful framework for quantitative prediction of the interfacial
waves.

Ben-Artzy et al. [17] performed a set of experiments which supported Blazynski’s mechanism that
the wavelength of the weld interfacial waves is determined by the interferences of the stress waves
traveling within the target and flyer. They varied the thickness of the inner tube (target) in
electromagnetic tube welding and observed the effects on the wavelength from the cross section
of the welds. This was a simple but robust experimentation that showed a direct correlation
between the thickness of the target materials and the wavelength. The empirical results and
analysis suggest that the interfacial wavelength is directly affected by the stress waves traveled
within the target (inner tube). However, the results did not consider the effects from the stress
waves coming from the flyer material.

The periodicity (the wavelength) of the interfacial waves must be also affected by variations of the
flyer thickness and impact angle. Reid [18] suggested that the interfacial wavelength in explosive
welds and impact angle and flyer thickness are simply related. The relationship is based on the
hydrodynamics analysis of Cowan et al. [12] and can be seen below as Eq. (2.1), where λ, t, and β
are interfacial wavelength, flyer thickness, and impact angle, respectively:

9

𝜆 ∝ 𝑡𝛽 2

Eq. (2.1)

Vivek et al. [19] experimentally examined the relationship between impact angle and interfacial
wavelength by welding a Ti flyer to a Cu grooved target while controlling the impact velocities.
Although the impact angle and the wavelength did not seem to strictly follow Cowan’s relationship,
the results clearly show the trend of increasing wavelength and amplitude with increasing impact
angle. Another important conclusion to note from those Cu-Ti welds is that the variance in impact
velocity did not have a strong effect on the wavelength in agreement with Reid’s empirical
relationship. However, the effects of flyer thickness on weld morphology or temperature rise (and
intermetallic formation) have not been shown quantitatively from any systematic study. Such
studies are somewhat difficult for a couple of reasons. First, varying the flyer thickness also
changes the mass of the flyer. Even if care is taken in modifying the driving impulse, this change
in mass may still result in a different impact speed. Second, because of its very rapid and dynamic
nature, the resulting microstructure is difficult to analyze against the impact velocity and impact
angle of the corresponding location.

In this study, we report the results from a systematic investigation of the effects on the interface
morphology from varying the flyer thickness, while the impact angle is controlled. The direct
influence on the interfacial waves by the flyer thickness was observed by both experiments and
numerical simulations. Impact welding experiments were performed by VFAW, first demonstrated
by Vivek et al. [6], which has shown to produce high property quality welds in a conventional lab
or factory environment. Following the principles of impact welding used by MPW and explosives
welding but using an inexpensive consumable conductive foil, VFAW generates high strength
joints between similar and dissimilar metals in a conventional lab or factory environment. In this
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process, a consumable aluminum foil actuator is connected to a capacitor bank. As the bank
discharges, it rapidly vaporizes the foil into an expanding high-pressure gas and plasma that
accelerates the flyer sheet into a target sheet, ultimately resulting in a dissimilar metallic weld (see
Figure 1.2).

2.2 Experimental Setup
In situ PDV was coupled [9] with a VFAW launch system and measured impact speed, while the
angles were fixed by a target with set impact angles, the procedures were similar to those described
earlier [19]. Weld interfaces made from various thicknesses of flyer were compared in terms of
morphology and wavelength. The input energy was adjusted for each flyer to provide an impact
velocity of 670±20 m/s when directly measured by PDV. The impact velocity of 670 m/s used in
this study is higher than a typical weldability requirement (300–800 m/s) suggested by Jaramillo
et al. [14] but was selected to exaggerate both the wavy interface and the interfacial melting.

A 0.0762 mm thick aluminum alloy 1145 foil was used as the base material to create the vaporizing
foil actuators. The foil was cut into a dog bone shape with a gauge length of 50.8 mm (see Figure
2.1) and connected to the leads of a capacitor bank (Maxwell-Magneform 7000–16 kJ). The
characteristics of the capacitor bank are provided in Table 2.1. Aluminum alloy 1100-O was
selected to be the flyer material, as it is readily available and a simple relatively pure model
material. AA1100-O flyer sheets of four thicknesses— 0.127, 0.254, 0.508, and 1.016 mm—were
used. The remaining dimensions of the flyer and the target were kept constant as 76.2 mm length
and 50.8 mm width.
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Figure 2.1. Geometry of vaporized foil actuator used in experiments (unit: mm).

Max. energy

Max. voltage

Capacitance

Resistance

Inductance

Rise time

16 kJ

8.66kV

426μF

1mΩ

100nH

12μs

Table 2.1. Electrical characteristics of the capacitor bank used in experiments.

AISI 1018 steel was used as the target because it represents a typical mild steel alloy. The thickness
of the target workpiece was fixed at 6.35 mm, and grooves of six different angles—8, 12, 16, 20,
24, and 28 deg (see Figure 2.2b) —were cut by electrical discharge machining to provide precise
impact angles. The angles were selected to be similar to those used in a previous report published
by Vivek et al. [19] in which the authors examined the weldability range with varied input energy
and impact velocity. For each groove, a through-slot was provided to aid the escape of the jetted
materials (Figure 2.2). As Jaramillo et al. [20] suggested that the target thickness effects are
negligible when tb (target thickness) / tf (flyer thickness) is greater than 3, the target thickness was
chosen to be at least five times thicker than the flyer to minimize any effects from the target
thickness. The surfaces of both the flyer and the target sheets were cleaned with alcohol before
welding. The flyers were given a 1.6mm stand-off distance to accelerate.
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The welds were sectioned for standard metallography and polished up to 0.1 μm finish by diamond
paste. Each weld interface morphology was observed by field emission scanning electron
microscopy and imaged with backscattered electron imaging to reveal the phases present.

Figure 2.2. (a) Welds made by aluminum flyers of varied thicknesses and (b) cross section
drawing of a grooved target showing the set impact angles and PDV hole in the middle.
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2.3 Numerical Simulations
A finite element

analysis

of the

impact welding process

was

conducted using

ABAQUS/EXPLICIT. The process environment in the numerical simulation was the same as in
experimental tests: 6.35 mm thick AISI 1018 Steel target plates with AA1100-O flyer sheets of
varying thicknesses (0.127, 0.254, 0.508, and 1.016 mm). A Johnson-Cook material model was
used for both materials to capture the high strain rate deformation and temperature effects:
𝜎̅(𝜀𝑝 , 𝜀𝑝̇ , 𝑇) = [𝐴 + 𝐵(𝜀̅𝑝 )𝑛 ][1 + 𝐶𝑙𝑛(𝜀𝑝̇ ∗ )][1 − (𝑇 ∗ )𝑚 ]

Eq. (2.2)

Eq. (2.2), shown above, describes this model, where 𝜎̅ is the equivalent flow stress, 𝜀̅𝑝 represents
the equivalent plastic strain, and A, B, C, m, and n are material constants. Fathipour et al. [21] and
List et al. [22] provide the constant values for AA1100-O and AISI 1018 steel, respectively, and
the values are shown in Table 2.2. Also, Eqs. (2.3) and (2.4) further describe the material model,
where 𝜀𝑝̇ is the equivalent plastic strain rate and T0 and Tm represent reference and melting
temperatures, respectively. The reference plastic strain rate 𝜀𝑝0̇ in the simulations was 1.0 for both
materials which correctly corresponds to the strain rate in the experiments with time scaling. The
reference temperature was defined as the room temperature (300 K), and melting temperatures are
1198 K and 1811 K for AA1100 and AISI 1018 steel, respectively,

𝜀𝑝̇ ∗ =
𝑇∗ =

𝜀𝑝̇
̇
𝜀𝑝0
(𝑇−𝑇0 )

(𝑇𝑚 −𝑇0 )

Eq. (2.3)

Eq. (2.4)

To reduce the computational time, a reduced model, as shown in Figure 2.3, was setup in
Abaqus/CAE, because each groove on the target is symmetric. The simulations started with the
initial velocity of the flyers obtained from the experimental tests, i.e., 670 m/s. Symmetric
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boundary conditions were utilized on both sides of the model, and the top edge of the target was
fixed, as in the experimental tests. The inelastic heat fraction was defined as 0.9 for adiabatic
heating. This value characterizes the fraction of plastic work converted into heat through the entire
simulation.
Young’s
Materials

Density

Thermal
Poisson’s

Modulus

Specific heat
conductivity

ratio

(kg/m^3)
(GPa)

(J/kg-K)
(W/m-K)

AA1100-O

2700

75

0.33

220

904

AISI 1018

7870

205

0.29

51.9

486

Johnson-Cook

A (MPa)

B (MPa)

C

m

n

AA1100-O

148

360

0.001

0.859

0.184

AISI 1018

514

2830

0.031

0.8903

0.612

Table 2.2. Constants for Johnson-Cook material model.

Figure 2.3. A model depicting the impact welding process with the mesh size optimized for
simulation.
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The arbitrary Lagrangian Eulerian (ALE) adaptive meshing was used for the two-dimensional
plane strain reduced integration elements at the interface to avoid excessive distortion and obtain
accurate results. Smooth particle hydrodynamics and Eulerian methods could also predict the
morphology at the interface. These methods are required when vortices occur at the interface
leading to significant element distortion, which would terminate Lagrangian-based analyses. For
the material combination in this research, there are no vortices, so both solid and hydrodynamic
methods could be used. Due to the interest in reflective waves in the numerical results, a solid
simulation was a more appropriate choice for this research. To capture the wavy pattern at the
interface, extremely fine elements of 10 by 10 μm were used in that region. Approximately 40,000
total elements were in the model (see Figure 2.3). The element size was much smaller than the
wavelength and amplitude of the weld. The simulation time was 3 μs.

2.4 Results and Discussion
2.4.1 Impact Angle Effects
The experimental and computational results showing the dependence of impact angle on the weld
interface morphology are shown in Figure 2.4. The interfacial wavelength increases with
increasing impact angle. This result agrees fairly well with the ALE simulation as well as with a
previous study [19]. The prior study used Ti and Cu as the flyer and the target, respectively. This
system produces wavy interfaces much more robustly both in simulations and experiments.

Another important consequence is that the volume of the intermetallic phases changes based on
the interface morphology. In Figure 2.4, the intermetallic layer in the 8 deg groove (presumed to
be formed by local melting, mutual solution, and resolidification) appears to be continuous,
whereas the larger angles show rather discrete zones. At low angles, the total heat input is reduced,
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presumably because there is less shear. At large impact angles, the waves become more
heterogeneous and dimensionally coarser, and it results in more heterogeneity in the “hot”
intermetallic forming zones. From a performance point of view, Pourali et al. [23] explain that
continuous IMCs are undesirable, as they can represent a long, continuous brittle path. In contrast,
the pocketed intermetallic phases at higher impact angles are likely to give acceptable fracture
performance.

The discrete intermixed zones seem to form in the crests of the waves. As the melting point of
aluminum is significantly lower than steel, the plastic deformation in those regions leads to rapid
heating, causing melting in the aluminum. Liquid aluminum will readily dissolve iron to form
aluminum-rich intermetallic phases. Although it is not clear exactly which regions in a wavy
structure may melt (particularly in the very local vicinity of the interface), both simulation and
microstructural analyses suggest local melting that can be spatially heterogeneous. The distinct
contrast of the intermediate phase may provide enough evidence for melting. However, it might
be supposed that diffusion is at work instead.
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Figure 2.4. Comparison of interface morphology varied by the prefixed impact angles of a
grooved target for the 1.016 mm thick flyer.

A simple analysis can show that it is unlikely IMCs are formed by solid-state diffusion. The
temperature dependence of diffusivity follows the Arrhenius relationship, considering the
equilibrium state at the melting temperature, Shewmon [24] estimates that the upper limit
diffusivity in metals by self-diffusion is no more than 10–12 m2/s. While the entire VFAW process
takes less than 20 μs and cools at an extremely high rate, the diffusion distance √𝐷𝑡,where D and
t are diffusivity and time, respectively, can be no more than tens of nanometers in solids. As the
amplitude of an intermixed zone appears to be as large as 20 μm, we conclude there must be
melting and fast turbulent mixing. The numerical results in Figure 2.4 also indicate melting
because the temperature near the interface exceeds the melting point of aluminum.
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Although melting is evident in the intermixed zones, the temperature rise only occurs adequately
enough to melt the aluminum “crests,” and the regions between the crests do not show an
equivalent temperature gradient to that of the crests. This phenomenon is also shown by the molten
zones that are successfully isolated by the wavy interface structure. In Figure 2.5, compositional
analysis results are shown across the interfaces with and without a molten zone. When molten
zones are separated by IMC-free interfaces, as discussed previously, it can provide an effective
barrier to the crack propagation; and the overall strength of the weld may not be significantly
affected by the melted zones and IMC found elsewhere along the weld interface. The energy
dispersive spectroscopy map in Figure 2.5c also shows that the intermixed zone in impact welding
resides in a highly nonequilibrium state because of the extremely short time scale and the severe
plastic deformation during the process. During welding, the molten material dissolves both sides
of the pair and may also entrap jetted material after which it is solidified rapidly at a high cooling
rate due to the high thermal conductivity of aluminum.
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Figure 2.5. (a) Weld interface made with a 1.015 mm thick AA1100 -O flyer at a 20 deg impact
angle, (b) intermixed zone, (c) energy dispersive spectroscopy map, and (d) line scan results
showing compositions across the intermixed zone.

2.4.2 Flyer Thickness Effects
In order to study the thickness effects on the weld interface morphology, the input energy was
adjusted for each flyer thickness to reach the target velocity of 670 m/s. For 0.127, 0.254, 0.508,
and 1.016mm thick AA1100-O flyer sheets, 3.5, 4.5, 5.25, and 8 kJ input energy were used,
respectively. Since the only requirement was to obtain 670 m/s for the velocity of flyer at the time
of impact, the acceleration profiles for each flyer varied somewhat. Figure 2.6 shows the evolution
of the velocity of each flyer with respect to the traveled distance. There is an initial relatively slow
acceleration due to an electromagnetic interaction between the foil and the flyer before the foil
vaporizes, the latter event producing most of the speed increase. Figure 2.7 shows the relative
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amount of intermetallic phases formed, as well as the wave amplitude and wavelength, all
increased with increasing flyer thickness.

Figure 2.6. Velocity traces for 0.127, 0.254, 0.508, and 1.016 mm thick AA1100 -O flyers with
respect to traveled distance. The vertical and horizontal dashed lines signify the standoff
distance and the targeted impact velocity, respectively.

Although the impact angle is set by the machined grooves, in each case it took some distance after
the initial impact to stabilize the interfacial wave structure. In the stable wave region, the interfacial
wavelength was estimated for each flyer thickness and impact angle. The measurements from three
distinct and repeated waves of each welding condition were recorded, and the average
measurement is shown in Figure 2.8. The wavelength was measured between crests of the steel
waves assuming symmetry with the aluminum waves. Figure 2.8 shows the trend of increasing
interfacial wavelength with flyer thickness and impact angle. For an 8 deg impact angle, the
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correlation between the flyer thickness and the interfacial wavelength was not as clear, and the
wavelength varied only in a small range.

Figure 2.7. Velocity traces for 0.127, 0.254, 0.508, and 1.016 mm thick AA1100-O flyers with
respect to traveled distance. The vertical and horizontal dashed lines signify the standoff
distance and the targeted impact velocity, respectively.

The effects on the amplitude of the waves and how they differ from the effects on the wavelength
are still not clear. Each material combination shows a distinctive interface structure in impact
welds. The Fe/Al system is one of the material systems that does not exhibit clear interfacial waves
but rather induces significant amounts of IMC pockets. This makes quantifying the amplitude
difficult; however, analyzing the wavelength is still possible. Qualitatively, the amplitude of the
waves also increases with both the impact angle and flyer thickness, and the amplitude is generally
proportional to the wavelength. A material system that gives clearer waves such as Cu/Ti will be
more suitable for a quantitative analysis.
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The results from the numerical simulation for the thickest aluminum flyer and for the 16 deg impact
angle are also shown in Figures 2.8b and 2.8c, where they correlate fairly well with the experiment
data. This shows that the numerical model can predict the interfacial wavelength in reasonable
accord with empirical results. This suggests that it is not necessary to capture fine details in the
precise description of constitutive behavior and other subtleties of the experimental boundary
conditions.

Figure 2.8. (a) Experimental data showing variations in interfacial wavelength depending on
flyer thickness and prefixed impact angle between AA 1100-O flyer and AISI 1018 steel target.
The impact velocity was kept constant at 670 m/s for all angles and flyer thicknesses.
Numerical results and experimental results are compared for (b) impact angle α variation with
a 1.016 mm thick flyer, and (c) flyer thickness t variation with a 16°impact angle.
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The discrepancy shown in the experimental and numerical results may be explained by several
possibilities. First, one assumption is that the interference from the stress waves traveling within
the target material does not affect the interfacial wavelength when the ratio of the target thickness
to the flyer thickness exceeds 5 as mentioned previously. Researchers such as Godunov et al. [25]
claim this assumption to be true by investigating the target thickness effects. Wave formation is a
phenomenon that takes place by an interference of the stress waves from both target and flyer, not
by the flyer alone. Also, the dynamic impact angle may not also agree perfectly with the prefixed
impact angle, depending on the shape of the flyer material at the time of impact. The interface
morphology was observed to evolve depending on the location across each groove, which may be
largely due to the waves taking some distance to reach a steady-state wave pattern. Also, the impact
angle may have been changing during the weld formation. The waves over the crest of the grooves
show little to no wavy interfacial features, whereas the wavelength becomes distinctive and greater
in the bottom of the groove (shown in the upper right in Figure 2.9). One can also assume that the
impact velocity can slightly change as energy is dissipated by the bottom versus the crest of the
groove, but a previous study [19] shows the wavelength was affected by the impact angle but not
much by the impact velocity. The evolution of the wavelength can be explained, keeping in mind
that the crest of the groove undergoes the initial impact by the flyer. While these variables remain
unclear, the experiments and simulations using a grooved target show a correlation between the
interfacial wavelength and flyer condition, supporting Blazynski [16]’s stress wave mechanism on
the weld interface formation.
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Figure 2.9. Weld interface made with a 1.016 mm thick AA1100 -O flyer at a 20 deg impact
angle. The wavelength measurement from the center of the slope is used for the wavelength
comparison.

2.5 Conculsions
An experimental study of the effects of the flyer thickness and impact angle on the impact weld
interface was performed using VFAW coupled with PDV. The experiments were also replicated
by ALE numerical simulations. In general, the ALE model replicated the experimental
observations well. Further conclusions of this study are the following:
•

The impact angle and the impact velocity of high speed impact welding were successfully
assessed using a grooved target plate and PDV.

•

The interfacial wavelength of impact welds was found to increase with both increasing
flyer thickness and impact angle.
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•

The numerical simulations agreed with the above trends in the variation of characteristic
interfacial waves.

•

The numerical simulations supported the evidence for the formation of isolated molten
zones and that mutual solution, mixing and intermetallic formation are natural
consequences of the interfacial melting.
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3.TARGET AND MANDREL EFFECTS
This chapter is created from: Zhang S., Lueg-Althoff J., Hahn M., Tekkaya A.E., Kinsey
B., 2021. “Effect of process parameters on wavy interfacial morphology during magnetic
pulse welding”, Journal of Manufacturing Science and Engineering. Vol.143 011010-1. (I
conducted all MPW experiments; material and interface characterizations; and numerical
simulations presented in this paper at TU Dortmund and wrote the journal publication with
feedback from the other authors.)

3.1 Introduction
Instead of VFAW, which was used in Chapter 2 to investigate the effects of flyer thickness and
impact angle, MPW was utilized in this chapter as VFAW has only been used for sheet metal
welding thus far. MPW is available for both sheet and tubular welding (see schematic in Figure
1.1) using magnetic pressure to drive the workpiece. A large amount of energy (typically on the
order of tens of kilojoules) in the form of a sinusoid damped current trace is dissipated from a
capacitor bank into a specially designed coil, which produces a magnetic field. Eddy currents are
induced in any electrically conductive workpiece in proximity to the coil. Owing to these two
opposing currents and magnetic fields, Lorentz forces are generated between the workpiece and
coil to accelerate the flyer workpiece to several hundred meters per second. If a stationary target
workpiece is impacted at a critical angle and impact velocity, a solid state weld is created. Various
process parameters have been investigated for MPW. For example, the effect of flyer kinetics was
reported by Lueg-Althoff et al. [26] for an Al6060-C45 material couple. Raoelison et al. [27]
studied the welding condition and proposed a weldability window for MPW of the Al6060-Al6060
system [28]. An analytical model was also proposed by Lueg-Althoff et al. [29] to predict the
impact velocity of MPW based on the magnetic pressure and verified by experimental observations.
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Kinsey and Nassiri [30] analytically predicted flyer shape profiles after deformation for tubular
parts and sheet parts [31].

With appropriate process parameters, a wavy interfacial morphology is commonly obtained at the
interface of the two impact welded partners. Although intact straight weld seams have been
reported in the literature, these interfacial waves indicate a sound weld. Figure 3.1 shows
interfacial morphologies for different material systems for various impact welding processes.
Some wavy interfacial morphologies are so pronounced that vortices are observed. There is still
no consensus with respect to the formation mechanism of such wavy interfacial morphologies
among researchers due to the complex interfacial kinematics. Ben-Artzy et al. [17] attributed the
wave formation to the elastic stress waves caused by the impact in MPW. Blazynski [16] used the
same theory to explain the wave formation in EXW. Ben-Artzy et al. [32] believed that the melting
layer and solidification cause intermetallic phases at the interface, which contribute to the wavy
morphology.
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Figure 3.1 . Wavy morphologies at the interface in (a) EXW [33], (b) MPW [34], (c) VFAW [35], and

(d) LIW [36].

Analyses with respect to intermetallics between Aluminum and Copper alloys, a popular material
combination, were performed by previous researchers. Wu and Shang [37] identified Al/Cu
intermetallics with different atomic ratios, and discussed the mechanism of MPW. Raeolison et al.
[38] investigated the intermetallic formation effect on welded features of Al/Cu joint, and
compared these results with an Al/Al joint. In addition, the formation of such features was also
discussed. Microstructure evolution at the interface between Al and Cu sheets was studied by Itoi
et al. [39]. Atomic-scale bonds were formed between the intermediate layer and sheet surfaces. An
amorphous alloy was observed at the interface and joint strength was tested as well in their study.
Psyk et al. [40] discussed Al and steel tubes joined by MPW and analyzed the effect of inner tube
support on the joint quality in terms of the interface microstructure and weld strength.
Experimental observations were supported by numerical simulations conducted. Experimental
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investigation of interfacial microstructure for another material combination, i.e. two stainless steel
sheets, was performed by Liu et al. [41]. Shear-induced features such as nanoscale elongated grains
and adiabatic shear bands were among their findings. Numerical analysis based on SPH method
also supported the experimental results in terms of local temperature and strain distribution
predictions.

Instead of conducting experimental tests in laboratories, numerical simulations using SPH method
were also used to investigate the target and mandrel effects in this chapter. SPH is a meshless
method that is able to handle large deformation problems. The SPH method was traditionally used
in fluid dynamics modelling. Applications of SPH were extended to solid mechanics [42] after
addressing problems with respect to tensile instability, lack of consistency in material deformation,
and accuracy of solutions [43] so, e.g., structural crash problems could be simulated effectively.
In the SPH method, continuum materials are represented by particles, each of which has a spatial
location in the model. The particles interact with each other through an interpolation kernel
function with a characteristic length known as the smoothing length [44]. The physical properties
of each particle are affected by neighboring ones by summing up their relative characteristics.
Nearby particles have more influence on the physical properties than distant ones.

In this chapter, the influence of the impact velocity, target thickness, and mandrel inclusion on the
interfacial morphology during MPW for a material combination of Al6060-T4 and Cu-ETP was
investigated. The wavy interface was considered as an indication of an optimum weld strength and
metallurgical bonding for successful welds. In addition, numerical simulations using the SPH
method were conducted to verify the interfacial morphologies. Multiple process parameters were
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numerically obtained, and the metal jet composition was studied. The hypothesis tested in this
research is that a “well-supported target”, i.e., either a thick target or the support of a mandrel,
allows for vortices to be created at the interface during MPW provided that the impact velocity is
sufficient.

3.2 Experimental Tests
Experimental tests were conducted on a Poynting SMU 0612 FS machine with an eight-turn
compression coil and field shaper. The coil featured an inner diameter of 97 mm and an axial
length of the active area of 90 mm. The field shaper, which was made of CuCr1Zr, had an inner
diameter of 41 mm and the length of its pressure concentration zone was 10 mm. Figure 3.2 shows
the experimental area and setup in the laboratory at TU Dortmund University, Germany. A detailed
description of the experimental conditions can be found in [45]. PDV was used to measure flyer
velocities on the outer surface of the tube, so a combination of holes and pockets was drilled into
the field shaper to provide a line of sight for the PDV laser probes [46]. The working length lw on
the flyer was approximately 6 mm. The flyer tube material was Al6060T4 with an outer diameter
of 40 mm and thicknesses of 1.5 and 2 mm for various tests. The target tubes were Cu-ETP with
thicknesses of 2, 4, and 6 mm. The gap distance between the flyer and target were 1.5 mm for
specific tests in Group 4, and 2 mm for other tests (see Table 3.1). Figure 3.3 gives a schematic of
the experimental setup focusing on the pressure concentration zone of the field shaper. To
investigate the effect of a third inner component, i.e., mandrel, on interfacial morphology,
additional experiments were conducted. The mandrel was made of polyurethane (PUR) with a
Shore hardness of 92A and pre-stressed via a washer and a nut for specific tests.
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Figure 3.2. MPW experimental area in the lab.

Various tests were conducted and divided into five comparison groups to investigate the influence
of process parameters on interfacial morphology. Table 3.1 gives the basic information of each
test including wall thicknesses of both tubes, impact velocities, and mandrel inclusion. In Group
1, flyer and target tubes wall thicknesses remained constant, mandrel tube was not included, and
charging energies were 4, 4.75, and 5.25 kJ which correspond to impact velocities of 290, 306,
and 340 m/s respectively. The target thickness effect was tested in Group 2, while the same
charging energy was used resulting in an impact velocity of 250 m/s and still no mandrel was
included. In Group 3, the target thickness effect was tested with a higher impact velocity. Groups
4 and 5 investigated the influence of a mandrel, which was included into the target tube to reduce
the target’s radial deformation during the impact process.
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Figure 3.3. Schematic of experimental setup, (a) without mandrel before the process, and (b)
with mandrel at impact configuration [46].
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Flyer

Target

thickness

thickness

(mm)

(mm)

Impact

Mandrel

velocity (m/s)

inclusion

290, 306, and

Group 1

1.5

2

Group 2

2

2 and 4

250

No

Group 3

1.5

2 and 6

340

No

Group 4

2

2

255

Yes and No

Group 5

1..5

2

310

Yes and No

340

No

Table 3.1. Information for experimental tests (changing process parameter in the group
indicated by bold, italics).

3.3 Numerical Simulations
Numerical simulations were conducted in the commercial software package LS-DYNA. There are
multiple choices of formulations for SPH approximation in LS-DYNA to improve the result
accuracy and reduce the computational time including 2D and axisymmetric assumptions. For this
research, a simplified numerical model with axisymmetric assumption was set up in LS-PREPOST
(see Figure 3.4b). Two or three parts were modeled depending on whether a mandrel was used.
The initial impact angle was fixed between the flyer and target at 12˚ based on the geometry, i.e.,
gap and working length, of the experimental setup, but this is a dynamic angle which will change
slightly during the numerical simulations. But, only a small portion of the interface was considered
in the numerical analyses, so this was deemed acceptable. Others have reported a larger change in
angle, which this is process specific [47]. Experimentally, the impact angle was created
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instantaneously as the flyer collided with the target (see Figure 3.4). The length for all of the parts
in the model was 10 mm. Various thicknesses and initial velocities were defined in order to
investigate their effects. Materials for the tubes were Al6060T4 and Cu-ETP for the flyer and
target, respectively. As per the experiments, the mandrel material was PUR with a Shore hardness
of 92A. The left edges of the target (and mandrel in Groups 4 and 5) were fixed as boundary
conditions to imitate the experimental setup. The effect of this boundary condition as opposed to
other options, e.g., fixing the bottom of the target or mandrel, was confirmed to not affect the
simulation results substantively. A fine SPH particle size of 5 µm was defined in the model in
order to capture the interfacial morphology. Interactions through a normal interpolation method
were possible between SPH parts since the material densities have the same order of magnitude
[48]. The total number of particles in the model ranged from 300,000 to 1,400,000 depending on
the tube thickness and mandrel inclusion.

Figure 3.4. Numerical model in LS-PREPOST.
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The Johnson-Cook constitutive model was used to describe the high strain rate material behavior
for both flyer and target tubes [49]:

𝜎̅(𝜀𝑝 , 𝜀𝑝̇ , 𝑇) = [𝐴 + 𝐵(𝜀̅𝑝 )𝑛 ][1 + 𝐶𝑙𝑛(

𝜀𝑝̇
̇
𝜀𝑝0

)][1 − (𝑇 ∗ )𝑚 ]

Eq. (3.1)

where 𝜎̅ is the equivalent flow stress, 𝜀̅𝑝 is the equivalent plastic strain, 𝜀𝑝̇ is the equivalent plastic
strain rate, 𝜀𝑝0̇ is the reference plastic strain rate, T* is the homologous temperature, i.e., T*= (TTroom)/(Tmelt-Troom), and 𝐴, 𝐵, 𝐶, 𝑛 and 𝑚 are material constants. The PUR for the mandrel tube
was defined by the Mooney-Rivlin material model [50]:
𝑊 = 𝐴(𝐼 − 3) + 𝐵(𝐼𝐼 − 3) + 𝐶(𝐼𝐼𝐼 −2 − 1) + 𝐷(𝐼𝐼𝐼 − 1)2

𝑤ℎ𝑒𝑟𝑒 𝐶 = 0.5𝐴 + 𝐵,

𝐷=

Eq. (3.2)

𝐴(5𝜐 − 2) + 𝐵(11𝜐 − 5)
2(1 − 2𝜐)

and where W is the strain energy density, ν is the Poisson’s ratio, I, II, and III are invariants of the
right Cauchy-Green Tensor, and A, B, C, and D is material constants. Material properties and
material constants used in both the Johnson-Cook and Mooney-Rivlin models are given in Tables
3.2 and 3.3 for Cu110 [51], Al6060T4 [52], and PUR [53].

The Mie-Grueneisen equation of state (EOS) describes a pressure-density relation and was defined
in the simulations to model the pressure at the contact point based on the thermodynamic
conditions for both of the joining materials. Thus, the density is a state variable described by the
equation of mass conservation [54]:

𝑝=

𝛾
𝛼
𝜌0 𝐼 2 𝜇[1+(1− 0 )𝜇− 𝜇2 ]

2
2
𝜇2
𝜇3
[1−(𝑆1 −1)𝜇−𝑆2
−𝑆3
]2
𝜇+1
(𝜇+1)2

+ (𝛾0 + 𝛼𝜇)𝐸

Eq. (3.3)

36

where p is the pressure, ρ0 is the density, I is the intercept of the particle velocity curve, μ is the
nominal volumetric compressive strain, and α, γ0, S1, S2, and S3 are material constants (with α, S2,
and S3 set to zero). A coupled structural-thermal analysis was used to predict both the temperature
and wavy interfacial morphology. The inelastic heat fraction for adiabatic heating was assumed to
be 0.9. This means that the fraction of mechanical work converted into heat was 90% through the
entire process. Small time increments had to be used even though these resulted in expensive
computational costs. To keep the analysis stable and accurate, time increments can be
approximated using [54]:
𝜌

𝛥𝑡 ≈ 𝐿𝑚𝑖𝑛 √

Eq. (3.4)

𝐸

where Lmin is the minimum element size in the model, ρ is the material density, and E is the Young’s
Modulus of the material.

Materials

Young’s
modulus
(GPa)

Density
(kg/m^3)

Poisson’s
ratio

Shear
modulus
(GPa)

Thermal
conductivity
(W/m-K)

Specific heat
(J/kg-K)

Cu-ETP

117

8960

0.33

44

390

385

Al6060T4

68.9

2700

0.3

26.2

209

900

Johnson-Cook

A (MPa)

B (MPa)

n

C

M

Tmelt (K)

Cu-ETP

90

292

0.31

0.025

1.09

1356

Al6060T4

148

345

0.183

0.001

0.895

916

Table 3.2. Material properties and Johnson-Cook constants used in numerical simulations for
Cu110 [35] and Al6060T4 [55].
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Mooney-Rivlin

A (MPa)

B (MPa)

Poisson ratio

Density
(kg/m^3)

PUR Shore 92A

9.095

4.544

0.49

1260

EOS

C (m/s)

S1

γ

Cu-ETP

3940

1.389

2.28

Al6060T4

5240

1.4

1.97

Table 3.3. Equation of State constants used in numerical simulations for Cu110 [51] and
Al6060T4 [52], and mandrel material properties of PUR [ 53].

3.4 Results and Discussion
3.4.1 Interfacial Morphologies
The cross section of a welded interface is shown in Figure 3.5 for a selected test from Group 3
with an impact velocity of 340 m/s. Flyer and target thicknesses were 1.5 and 2 mm, respectively.
At the beginning of the impact, a small portion of flat interface is observed. Then the interfacial
instability initiated and caused a stable wavy morphology to evolve in the welding direction. In a
portion of the wavy interface, a relatively consistent wavelength was obtained (see Figures 3.5 and
3.6). An amplified view of Figure 3.5 is shown in Figure 3.6a). With the same impact velocity and
flyer thickness, vortices occurred at the interface for a larger target thickness of 6 mm (see Figure
3.6b). Thus, target thickness affects the wavy interfacial morphology as predicted in the hypothesis.
More details are discussed below for the various experimental cases conducted. Voids and
intermetallic phases were also observed owing to the elevated temperature at the interface caused
by local, large plastic deformations. This phenomenon was correctly predicted in numerical
simulations as shown in Figures 3.6c and d. The increased temperature only surpassed the melting
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point of the flyer, which is consistent with the experimental results where seemingly voids and
intermetallic phases are present on the Al6060T4 side of the weld.

Figure 3.5. Interfacial morphology after welding, (a) experimental observation , and (b)
numerical result.

The average wavelength and amplitude in both experimental and numerical results for all the tests
conducted are shown in Table 3.4. Wavelengths, λ, were averaged by measuring four waves as
shown in Figure 3.6. Every process parameter tested in this study affected the wavy interfacial
morphology in terms of wavelength, amplitude, and vortices formation.

With other parameters kept constant, a higher impact velocity led to a larger wavelength. This is
consistent with past results in the literature. Also, a thicker target tube and the inclusion of a
mandrel also resulted in an increase in the wavelength and amplitude. Furthermore, the vortices
occurred at the interface for cases with a well-supported target, i.e., larger target thickness or thin
target with mandrel inclusion, when a high impact velocity was applied. The amplitude of waves
did not change with an increase of impact velocity in experimental observations. However,
numerical simulations predicted the amplitude to remain the same (10 μm) for the two cases with
lower velocities, but increased to 15 μm for the simulation with an impact velocity of 340 m/s. The
amplitude did not change for a lower impact velocity (250 m/s) when the target thickness was
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increased from 2 to 4 mm for both experiments and simulations. But in Group 3 with a higher
impact velocity, when the target thickness changed from 2 to 6 mm, the amplitude increased and
vortices were formed for the thicker target case. In Groups 4 and 5, a similar trend was observed.
With a lower impact velocity, there was little change in amplitude with or without mandrel
inclusion. But a larger amplitude was obtained and vortices were formed when a mandrel was
included and a high impact velocity was provided. Again, the results support the hypothesis that a
“well-supported target”, i.e., either a thick target or the support of a mandrel, allows for vortices
to be created at the interface during MPW provided that the impact velocity is sufficient.

The wavy interfacial morphology is believed to result from a Kelvin-Helmholtz mechanism, which
is caused by a velocity difference between the two impact partners, i.e., the flyer and target. In
addition, shock waves, caused by the impact, travel in both metals away from the impact surface
and reflect back off surface interfaces. Therefore, the wavelength is affected by the target thickness,
as the propagation distance of reflected shock waves increases with target thickness. Mandrel
inclusion provides a similar effect as target thickness increase, since shock waves travel and reflect
from the mandrel surface.

Other researchers found that the vortices formation was caused by large shear plastic deformation
at the interface and interface instability, if a high-level collision pressure was maintained for a
sufficient period of time [56]. Finally, a well-supported target contributed to the difference of the
velocity and shear between the joining materials. As the interface evolved, the local target material
depressed at the interface when the difference of velocity and shear was sufficient. A vortex was
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formed at the interface and continued evolving as the depressed region became larger [57]. Thus,
the vortices occurred in the cases with a well-supported target for the same impact velocity.

Figure 3.6. Amplified wavy interfacial morphology after welding for 2 and 6 mm target
thicknesses (a) and (b) experimental observations, (c) and (d) numerical results, respectively.
(legend unit: ˚C).

Figure 3.7 shows the interfacial wavelength trend with respect to the impact velocity and target
stability in 3D graphic diagrams. Well-supported targets were achieved by target thickness and
mandrel inclusion in Figures 3.7a and 3.7b, respectively. As shown in Figure 3.7a, higher
wavelength was obtained with a higher impact velocity and a well-supported target, i.e., higher
target thickness. In Figure 3.7b, a high wavelength was also observed with a well-supported target
by mandrel inclusion, but now with a lower impact velocity. The reason for this effect could be
the difference in flyer thicknesses, as the flyer with lower thickness was used in the case of 310
m/s impact velocity. Thus, stress waves traveled a shorter distance in the flyer.
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Wavelength (μm)

Amplitude (μm)

Vortices formed

Changing parameter
Exp.

SPH

Exp.

SPH

Exp.

SPH

290

113

100

15

10

No

No

306

123

108

15

10

No

No

340

130

120

15

15

No

No

2

125

110

15

10

No

No

(mm)

4

130

115

15

10

No

No

Target

2

130

120

15

15

No

No

6

135

120

25

20

Yes

Yes

No

125

110

15

10

No

No

Yes

140

130

15

10

No

No

No

123

110

15

10

No

No

Yes

125

115

18

15

Yes

Yes

Impact
Group 1

velocity
(m/s)

Target
Group 2

Group 3

thickness

thickness
(mm)

Group 4

Group 5

Mandrel
inclusion

Mandrel
inclusion

Table 3.4. Effects of changing parameters on interfacial morphology.

The relatively small impact velocity difference in Group 1 could be the reason that amplitudes
changed only slightly in the simulations and remained constant in the experiments. The simulations
provide a more idealistic representation of such process variations and thus may demonstrate
trends not observed experimentally. In Groups 2 and 4 for varying thicknesses and mandrel
inclusion respectively, vortices were not observed and amplitudes were constant as the impact
velocities were relatively low. Thus, these process variations only slightly changed the impact
conditions and final wavy interfacial morphologies. Changes in the wavelength though were
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observed perhaps simply due to the scale of the values (on the order of 100 μm) compared to those
of amplitude (on the order of 10 μm). In contrast, for Groups 3 and 5, the same type of process
variations produced vortices and increases in both wavelength and amplitude when a higher
velocity (>300 m/s) was used as will be discussed in the next section.

Figure 3.7. Wavelength trend with respect to the impact velocity and target stability, (a)
wavelength trend for Groups 2 and 3, and (b) wavelength trend for Groups 4 and 5.

Note that there is some subjectivity in the measurements of wavelength and amplitude and defining
whether vortices occurred or not. Also, the quantified values for the wavelength and amplitude
from the experiments and the numerical simulations did not match exactly. The trends though were
evident as seen in Figure 3.7, which provides confidence in the numerical results obtained.

3.4.2 Vortices Formation & Jetting Materials
Vortices formation was only observed in two cases (see Table 3.4 and Figure 3.6b). Both cases
were conducted with a relatively high impact velocity of over 300 m/s. But a 6 mm target thickness
was used in Group 3, and a mandrel was included inside a 2 mm thick target in Group 5. In both
tests, a comparably well-supported target was provided, and vortices were formed with the
appropriate impact velocities for this material combination. Figure 3.8 shows comparisons of
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target deflections at the same time increment for both Groups 3 and 5. The boundary condition in
the numerical analyses was consistent with the experimental setup. The left edge of the target was
fixed, and the other edges of the target were free to move during the impact process. Thus, the
impact between the weld partners led to the target deflection. Smaller target deflections were
obtained for cases where vortices formed, resulting in a more consistent impact angle during the
impact process, 12.54˚ and 12.11˚ for Group 3 and 5 with well-supported targets respectively (see
Figures 3.8c and 3.8d), compared to tests with larger target deflections where the impact angle
tends to become smaller, 10.97˚ and 11.10˚ with 2 mm targets for Group 3 and 5 respectively (see
Figures 3.8a and 3.8b). The interfacial wavy morphology occurred if the appropriate impact
velocity and angle were present. Note that the interface was always flat at the beginning of the
impact due to the small impact angle. In Groups 3 and 5 with well-supported targets, larger impact
angles were observed in these cases with small deflections, which contributed to the wavelength
increase and vortices formation. The numerical observations of deflections and changes in impact
angle provide some physical rationale for the variations in interfacial morphologies observed as
MPW is known to be sensitive to this key process parameter.

The jetting phenomenon was captured well by using the SPH method. Figure 3.9 shows the
numerical result for the case with the impact velocity of 340 m/s and 2 mm target thickness. The
velocity of the metal jet was approximately 2 km/s. This value was numerically found to be
dependent on impact velocity, but independent of the target thickness. Increasing the impact
velocity led to a higher velocity of the metal jet for the same given impact angle (Group 1), since
the metal jet velocity can be estimated by the contact pressure [58], which is correlated to the
impact velocity. Further, the composition of the metal jet was dependent on material properties.
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The ejected material was mostly composed of the welding partner with the lower density, in this
case, Al6060T4 (see Figure 3.9 and Table 3.2). This numerical finding was consistent with the
results using an Eulerian formulation method for the numerical simulations [59].

Figure 3.8. Comparisons of target deflection for Groups 3 and 5, (a) and (b) 2 mm target
thickness, and (c) and (d) well-supported targets, respectively (legend unit: mm).

To verify the numerical result with respect to the ejected material composition being the material
with the lowest density, another material with lower density compared to Cu-ETP, i.e., CPTitanium, was used in the simulations for either flyer or target material. The results also showed
that the ejected materials were mainly CP-Titanium for the material combination of CP-Titanium
and Cu-ETP, no matter whether CP-Titanium was used as the flyer or target (see Figure 3.10).
Experimental observations of metal jet composition, by Kakizaki et al. [64] were also in a good
agreement with these simulation results.
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Figure 3.9. Numerical prediction of jetting phenomenon.

Figure 3.10. Numerical prediction of ejected material, (a) CP -Titanium used as target, and (b)
CP-Titanium used as flyer.

3.5 Conclusions
In this chapter, experimental tests and numerical simulations were conducted for tubular MPW of
Al6060T4 (flyer) to Cu-ETP (target). Effects of process parameters including impact velocity,
target thickness, and mandrel inclusion on wavy interfacial morphology were investigated. The
hypothesis tested in this research is that a “well-supported target”, i.e., either a thick target or the
support of a mandrel, allows for vortices to be created at the interface during MPW provided that
the impact velocity is sufficient. Numerical analyses using SPH were in a good agreement with
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experimental observations. Both increasing impact velocity and target thickness led to an increase
in wavelength. Similarly, inserting a mandrel into a thin target to minimize undesired deflection
also resulted in wavelength growth. The influence of these parameters on amplitude showed a
similar trend, but only for high impact velocities (over 300 m/s). The amplitude changed little for
low-velocity tests. Furthermore, vortices can be obtained for this material combination with
appropriate impact velocity (> 300 m/s) and well-supported target, i.e., either a thick target (6 mm)
or a 2 mm target with the support of a mandrel. The results obtained support the hypothesis.
Furthermore, SPH was shown to be able to predict the jetting phenomenon. The ejected materials
were mostly composed of the metal tube with lower density, and the velocity of metal jets
correlated to the impact velocity. Although a functional, strong weld can be achieved with a flat
interface for certain material combinations, a wave interface was considered as the preferred weld
structure due to an increase in the contact surface between the weld partners, and vortices
formation was a sign of material interlocking for this material couple. Thus, these results provide
guidance, i.e., use a high impact velocity (>300 m/s) and a well-supported target, either through
inclusion of a mandrel or increased target thickness, when designing a MPW process if a wavy
morphology at the interface is desired as an indication of weld strength.
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4.EFFECTS OF TARGET MATEIRAL
PROPERTIES
This chapter is created from: Zhang S., and Kinsey B., 2021. “Influence of material properties on
interfacial morphology during magnetic pulse welding of Al1100 and Copper alloys”, To be
submitted to Journal of Manufacturing and Materials Processing. (I conducted all MPW
experiments; material and interface characterizations; and numerical simulations presented in this
paper and wrote the journal publication with feedback from Prof. Kinsey.)

4.1 Introduction
During MPW, a wavy interface pattern can be observed. But this depends on the specific material
combination being joined. Some combinations, e.g., steel to Aluminum, simply provide undulating
waves, while others, e.g., Titanium to Cooper, provide elegant vortices. These physical features
can affect the strength of the joint produced.

Previous researchers have published many works on influences of process parameters on interface
morphologies. Vivek et al. [19] studied interface wavelengths dependency on impact velocities
and impact angles during vaporized foil actuator welding (VFAW) for the titanium and copper
material system. The authors investigated the impact angle effects by pre-setting angled grooves
on the target metals, and used various charging energies to drive the flyer, which impacts the target,
at different impact velocities. Lee et al. [8] used a similar method to investigate process parameters
for another material combination, Aluminum and steel, and conducted numerical analyses to
support their experimental findings. Also, Nassiri et al., [58] reported a robust numerical method
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to predict the interface morphology by investigating impact welding processes between titanium
and copper alloys.

For tubular MPW processes, the effect of flyer kinetics was proposed for an Al6060 and C45
material combination in [26]. Raoelison et al. [27] used the same material for both flyer and target
to investigate the welding conditions and predicted the interface morphology using the Eulerian
method in ABAQUS. For the material combination of Aluminum and steel, Cui et al. [61] reported
the dependence of high quality welding of MPW on the wall thickness of the targets. A theoretical
model based on Tresca yield criterion was also provided to verify the experimental findings. The
quality of welding was also examined by peeling tests. The fatigue resistance and weld area of AlFe parts was investigated in [62]. The results indicated that the fracture occurred in the transition
zone of the weld seam under a cyclic loading condition due to the relatively weaker strength and
ductility of the materials in this area. Lueg-Althoff et al. [63] studied the relationship between the
materials wall thicknesses and impact pressure for multiple material combinations during MPW.

Dependency of the tension and torsion strengths of welded parts between Al3003 and steel for
various discharge voltages during MPW was investigated by Yu et al. [64]. The metallurgical joint
was only obtained within a specific voltage range and the element content of the joint was analyzed.
Ben-Artzy et al. [17] attributed the wave formation at the interface to the elastic stress waves
caused by the impact during MPW process. The stress waves travelled in both metals away from
the interface and reflected back off the outer surfaces. Although researchers experimentally and
numerally investigated various process parameters effect on interface morphology and welding
quality, material properties’ effects have drawn less attention by researchers. Thus, a more
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comprehensive understanding of the material combination effects during MPW is required. To
investigate the interfacial morphology and parent material properties dependency during MPW,
tubular Al1100 and two copper alloys, Cu101 and Cu110, as well as commercially pure Titanium
(CP-Ti) joints were fabricated. The influence of two material properties, i.e., yield strength and
density, was studied, and the interface morphology features were visually investigated. Results
showed that both material properties affected the interface morphology. Numerical analyses were
also conducted in LS-DYNA and validated the interface morphologies observed experimentally.
These simulations show that the effect on shear stresses in the material is the cause of the interface
morphology variations obtained.

4.2 Material Property Data
The material properties for the copper alloys and CP-Ti were tested on an MTS landmark servohydraulic test machine with the force capacity of 250kN. The specimens for the tensile tests were
manufactured according to ASTM E-8 standards [65]. Figure 4.1 shows the dimensions of the
specimens, and Figure 4.2 shows the tensile tests setup on the MTS machine with a 3D Digital
Image Correlation (DIC) system. DIC is an image analysis method that measures deformations of
the specimen under load in three dimensions by using a speckle pattern and stereoscopic camera
setup. The position of the speckle points on the specimen is used to calculate strain on the surface
of the specimen based on the imaging parameters and orientation of the cameras [66]. For our tests,
the DIC parameters used were a subset size of 19 pixels, a step size of 5 pixels, and a filter size of
5 pixels.
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Figure 4.1. Dimensions of tensile test specimen.

Figure 4.2. Tensile tests on MTS machine with DIC system.

Figure 4.3 shows the flow curves of Cu101, Cu110, and CP-Ti that were used in the MPW
experiments. All three materials were heat treated before being used in tensile tests and MPW.
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Table 4.1 shows the heat treatment information for the copper alloys and CP-Ti. As shown in
Figure 4.3, the yield strengths of Cu101, Cu110, and CP-Ti were clearly different, and a better
material formability was also shown for copper alloys compared to CP-Ti that had a lower material
density.

Three uniaxial tension specimens for each material were tested to verify the repeatability of the
material properties. These results were plotted on top of each other in the same color but different
line types in Figure 4.3. The dashed line with different color on each material flow curve
represented the fitted Johnson-Cook material model. Finally, the magenta dotted line was fictitious
CP-Ti with the yield strength of Cu110, which was used in the simulations to investigate the yield
strength effect for CP-Ti. The Johnson-Cook [49] material model parameters are given in Table
4.2.

Material

Temperature
(F)

Duration (hrs)

Cooling

Cu110

650

2

Water

Cu101

650

2

Water

CP-Ti

1200

2

Air

Table 4.1. Heat treatment information for each material.
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Material

A (MPa)

B (MPa)

n

C

m

Tm (K)

Al1100

17

324

0.25

0.2

0.7

933

Cu110

27

457

0.31

0.025

1.09

1356

Cu101

100

593

0.31

0.025

1.09

1356

CP-Ti

125

868

0.18

0.0194

0.58

1941

Table 4.2. Johnson-Cook material model parameters, Al1100 [67], Copper alloys [51], CP-Ti
[80].

Figure 4.3. Tensile test results of Cu11 Cu101, and CP-Ti and Johnson-Cook models.

4.2.1 Yield Strength
The first material property investigated was yield strength of target materials. Two heat treated
copper alloys, Cu101 and Cu110, were selected to be the targets in this portion of the study, as
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they shared the similar properties after heat treatment except yield strength (see Figure 4.3). Also,
CP-Ti was also used as the target. To compare the interface of Al1100 & CP-Ti, a fictitious CP-Ti
with low yield strength was used in numerical analyses.

4.2.2 Density
The effect of target material density on the interface morphology was also investigated. In this
case, Cu110 was used as the target. A fictitious material with same material properties of Cu110
except density was also used as a comparison in simulations.

4.3 Experimental Setup and Results
The experimental tests were conducted on a Maxwell Magneform JA7000 machine with maximum
energy capacity of 12kJ. Other characteristics of the machine are given in Table 4.3. A 4-turns
spiral coil was used in this study, along with a field shaper to concentrate the magnetic field
generated (see Figure 4.4). Since the inner surface of the field shaper was much smaller than the
outer surface, the magnetic pressure was concentrated in the radial direction and uniformly
distributed along the circumferential direction [68]. The axial length of the pressure concentration
zone of field shaper was 10mm and the inner diameter was 25.4mm. The primary currents were
measured by a Powertek CWT 3000B Rogowski coil, and impact velocities were measured by a
PDV system. The PDV laser signal was focused on the outer surface of the flyer. A Doppler shifted
light was produced by the moving surface of the flyer during MPW, then combined with the
incident light signal to produce a beat frequency, which is proportional to the velocity of the
moving surface [9]. A small hole was drilled into the field shaper to provide a line of sight for the
PDV laser probe (see Figure 4.4b). The outputs of both laser detector and Rogowski coil were
recorded by a LeCroy WaveSurfer WS64MXS-B oscilloscope. A workpiece holder was used to
keep both the flyer and target in position and concentric to each other.
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Maximal charging
voltage (kV)

Capacitance (µF)

Internal inductance
(nH)

Internal resistance
(mΩ )

Maxwell
Magneform
JA7000

Maximal charging
energy (kJ)

Machine

12

8.165

360

72

4.38

Table 4.3. Characteristics of pulse generator.

To investigate the effect of a single material property on the interface morphology, process
parameters were kept unchanged. The targets were impacted by the same flyer material Al1100 at
the same impact velocity of 315m/s (see Figure 4.5). The error bars in Figure 4.5 represent the
highest and lowest values measured for the 9 tests conducted. The gap distance was 3.4mm, the
outer diameter of flyer was 25.4mm, the wall thickness was 1.4mm. The targets were solid shafts
with a 15.9mm diameter.

Figure 4.6 shows the interface morphologies after MPW at an energy level of 4.2kJ. A flat interface
was obtained between Al1100 and Cu101, while a regular wave occurred between Al1100 and
Cu110 (see Figures 4.6a and 4.6b). As shown in Figure 4.3, the yield strengths of these two
annealed copper alloys were clearly different, i.e., 220 MPa versus 135 MPa for Cu101 and Cu110
respectively, while the other material properties such as Young’s modulus, density, and work
hardening behavior were comparable. For this material combination, the target with a lower yield
strength resulted in a joint with a wavy interface, while the target with a higher yield strength led
to a flat interface.
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Figure 4.4. (a) Experimental setup and PDV system, and (b) schematic of coil, field shaper,
and workpieces.

Figure 4.6c shows the interface between Al1100 and CP-Ti. According to the data in Figure 4.3,
CP-Ti has the highest yield strength; however, an irregular wave interface with small wavelength
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was obtained due to the differences in material ductility (see Figure 4.3) and density, as CP-Ti had
a lower density of 4510kg/m^3 compared to 8910kg/m^3 for the copper alloys. Figures 4.6d, e,
and f are numerical results, which are in a good agreement to each experimental observation,
respectively. The next section will provide details related to these numerical simulations.

Figure 4.5. Impact velocity measured by PDV system.
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Figure 4.6. Interface morphology difference, experiments: (a) Al1100 & Cu110, (b) Al1100 &
Cu101, and (c) Al1100 & CP-Ti, SPH: (d) Al1100 & Cu110, (e) Al1100 & Cu101, and (f)
Al1100 & CP-Ti.

4.4 Numerical Simulations
4.4.1 Electromagnetic Forming
Finite element analyses of EMF and MPW processes were conducted using LS-DYNA, as their
electromagnetism (EM) model is capable of capturing effects of tube deformation on the magnetic
fields in proximity to the coil. Process parameters in the numerical simulations were the same as
in experimental tests, i.e., the dimensions and geometries of the coil, field shaper, and workpieces
were defined as those in the experimental tests. Figure 4.7 shows the EMF model set up in LSPREPOST. The material properties of tube were described by the Johnson-Cook material model:

𝜎̅(𝜀𝑝 , 𝜀𝑝̇ , 𝑇) = [𝐴 + 𝐵(𝜀̅𝑝 )𝑛 ][1 + 𝐶𝑙𝑛(

𝜀𝑝̇
̇
𝜀𝑝0

)][1 − (

𝑇−𝑇𝑟 𝑚
) ]
𝑇𝑚 −𝑇𝑟

Eq. (4.1)

where 𝜎̅ is the equivalent flow stress, 𝜀̅𝑝 is the equivalent plastic strain, and 𝜀𝑝̇ the equivalent
plastic strain rate, 𝜀𝑝0̇ is the reference plastic strain rate, m, n, A, B, and C are the material constants,
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and Tm and Tr are the melting and room temperature, respectively. The coil and field shaper were
modeled as rigid bodies. The current traces used in the simulations were measured by the
Rogowski coil. The model contained 70,000 elements in total. A finer mesh was defined in regions
close to surfaces to capture the skin depth effects. Table 4.4 gives the material properties used in
these simulations. Electrical conductivities were only defined for field shaper and flyer, which
were Al1100 and Copper, respectively.

Figure 4.7. EMF model defined in LS-PREPOST (a) 3D model, and (b) cross section.

Materials

Young’s
Modulus
(GPa)

Al1100

75

2700

0.33

3.77e7

Copper

120

8910

0.33

5.96e7

CP-Ti

116

4510

0.35

-

Density (kg/m3) Poisson’s ratio

Electrical
conductivity
(S/m)

Table 4.4. Selected material properties used in the simulations.

First, EMF simulations were conducted to determine the desired gap between the flyer and target
to achieve the peak velocity at impact during MPW and the corresponding charging energy level.
Figure 4.8 shows the comparisons of experimental and numerical velocities and displacements of
the flyer. The blue lines represent the peak velocities corresponding to the left Y-axis. The right
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Y-axis shows the displacements at peak velocities and corresponds to the red lines in the figure.
To investigate the effect of yield strength on the interface, a 4.2kJ charging energy was chosen,
where the flyer travelled approximately 3.4mm and reached a peak velocity of 315m/s. While the
velocity is still increasing in Figure 4.8, the displacement is leveling off at 4.2kJ. Also, wrinkling
was occurring in the tube at higher charge energies. Therefore, higher charge energies were not
investigated.

Figure 4.8. Peak velocities and corresponding displacements.

4.4.2 Impact Welding
To accurately capture the wavy morphology at the interface, numerical simulations for impact
welding were also conducted in LS-DYNA using the smoothed particle hydrodynamics (SPH)
method, which is able to analyze the problem of large local deformations which occur at the
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interface during MPW. A 2D, axisymmetric SPH analysis in LS-DYNA was used to reduce the
computational time. A simplified model was set up in LS-PREPOST for this study (see Figure 4.9).
The angle between the flyer and target was fixed at 14°. The length for both target and flyer was
10mm. The thicknesses were 1.4mm and 2mm for the flyer and target, respectively. The impact
velocity used in the model was obtained from experimental tests by PDV system, i.e., 315m/s. The
SPH particle size was defined as 5µm to capture the interface morphology.

Numerical results of the effect of target yield strengths are shown in Figures 4.6d and 4.6e.
Comparable interface morphologies were observed both in experimental and numerical results. A
relative flat interface occurred when using Cu101 as the target, while the wavy interface was
obtained in the case of using Cu110, which has a lower yield strength.

Figure 4.9. SPH model defined in LS-PREPOST.

To investigate the density effect for Cu110 and yield strength effect for CP-Ti, two fictitious
materials were created in the numerical simulations. The first material shared the material
properties of Cu110, but the density was defined as 4510kg/m^3, i.e., that of CP-Ti, and the second
shared the material properties of CP-Ti except the yield strength, which was set to be the same as
Cu110 (see Figure 4.3). Figures 4.10a and 4.10b show the interface morphology comparison of
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Al1100 & Cu110 and the fictitious Cu110 with the CP-Ti density. Figures 4.10c and 4.10d show
the interface morphology comparison of Al1100 & CP-Ti and the fictitious CP-Ti with the Cu110
yield strength. A similar trend occurred for both of these results, i.e., the target with lower density
(Figure 4.10b) and the target with lower yield strength (Figure 4.10d) led to an interface with larger
wavelength. Figures 4.10b and 4.10d are the interfaces for the two fictitious target materials with
the same density (4510kg/m^3) and yield strength (Cu110 yield strength), but the interfaces with
different wavelengths were obtained. This was caused by the dissimilarity in material hardening
behavior, various equations of state (e.g., speed of sound) for the Johnson Cook material model,
and slight differences in the Young’s moduli of these two materials.

Figure 4.10. Interface morphologies of Al1100 & a) Cu110, b) fictitious Cu110 with the
density of CP-Ti, c) CP-Ti, and d) fictitious CP-Ti with the yield strength of Cu110.
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4.5 Discussion
Process parameters such as shear velocity, shear stress, and contact pressure were investigated in
the numerical simulations to understand the reason why lower yield strength and lower density
resulted in differences in the wavy interface for these material combinations during MPW. Figure
4.11 shows the shear stresses at the same time increment for the material combinations of Al1100
& Cu110, Al1100 & Cu101, Al1100 & CP-Ti, Al1100 & CP-Ti with Cu110 yield strength, and
Al1100 & Cu110 with CP-Ti density. Past research has shown that the shear stress is one of the
reasons for the intense local deformation in proximity to the collision point, which leads to a wavy
interface [59]. As shown in the Figures 4.11, the shear stress concentrated more on the target side
in proximity of the collision point when the target yield strength was lower, i.e., Figs. 14a), b), and
d). Thus, a wavy interface was easier to create as the local deformation near the collision point
occurred due to the larger shear stress difference between the region near collision point and the
other areas of the target. Despite having the largest shear stress in the target material, a wavy
interface was also observed in CP-Ti, e.g., compared to Cu101, due to the other material properties
that affect this behavior.

Figure 4.12 shows the shear velocities at the interfaces. For each case, there is not a clear difference
in shear velocity, which is a parameter that is mainly affected by the impact velocity, which was
the same in each experiment and numerical simulation in this study. Therefore, there is no effect
of shear velocity on the wavy interface observed. In Figure 4.13, the contact pressure is shown for
the various cases investigated. The images for the copper alloys with the corresponding appropriate
densities, i.e., Figs. 4.13a) for Cu110 and e) for Cu101, show higher contact pressure values due
to their higher densities compared to the plots with CP-Ti densities, i.e., Figs. 4.13b), c) and d).
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The contact pressure is known to be affected by the speed of sound in the material (with CP-Ti
being 15% larger than that of copper alloys, i.e., 4140 m/s versus 3570 m/s respectively) and
density [58]. Thus, the variations in the wavy interface do not correlate to the contact pressure.

Figure 4.11. Shear stresses at the interfaces for Al1100 & a) Cu110, b) fictitious Cu110 with
the density of CP-Ti, c) CP-Ti, d) fictitious CP-Ti with the yield strength of Cu110, and e)
Cu101.
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Figure 4.12. Shear velocities at the interfaces for Al1100 & a) Cu110, b) fictitious Cu110 with
the density of CP-Ti, c) CP-Ti, d) fictitious CP-Ti with the yield strength of Cu110, and e)
Cu101.
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Figure 4.13. Contact pressures at the interfaces for Al1100 & a) Cu110, b) fictitious Cu110
with the density of CP-Ti, c) CP-Ti, d) fictitious CP-Ti with the yield strength of Cu110, and
e) Cu101.

4.6 Conclusions
In this research, results show the effect of material properties on interface morphologies during
MPW. Numerical analyses were in good agreement to the experimental observations, i.e., interface
morphologies, thus allowing for process parameters that cannot be physically measured to be
investigated. Both experimental measurements and numerical predictions for velocity and
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displacement determined the gap distance and energy level to use for each case. For the material
combination of Al1100 and annealed copper alloys, a lower yield strength of the target led to a
joint with a wavy interface, while a flat interface was obtained for the target with a higher yield
point. Using CP-Ti, i.e., a target with lower density and higher yield strength, an interface with
smaller waves was obtained in the experiments and numerical simulations. Two fictitious materials
were also modeled in simulations to further assess the effects of varying process parameters.
Numerical results using CP-Ti material parameters, except for the yield strength of Cu110, as the
target and Cu110 material parameters, except for the density of CP-Ti, were compared to that of
the actual CP-Ti and Cu110 materials, respectively. Using both the fictitious materials (CP-Ti with
Cu110 yield strength, and Cu110 with CP-Ti density) resulted in a wavy interface with larger
wavelengths than their comparison partners. These results provide insight into the material
properties that affect the wavy interface during MPW.
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5.COMPARISON OF NUMERICAL
METHODS
This chapter is created from: Zhang S., and Kinsey B., 2019. “Numerical investigation of impact
welding by Eulerian and smoothed particle hydrodynamic methods”. NUMIFORM. Portsmouth,
NH, 2019. June 23 – 27. (I conducted all numerical simulations presented in this paper and wrote
the conference publication with feedback from Prof. Kinsey.)

5.1 Introduction
Impact welding is a solid state welding technique that provides a viable way of joining dissimilar
metals with dramatically different properties. Explosive welding, MPW, Laser Impact Welding
(LIW), Water Jet Impact Welding (WJIW), and VFAW are commonly known as such processes
[10]. Although these techniques differ in the mechanism to drive a flyer workpiece and the
workpiece scale, impact welding joins dissimilar metals with minimal or no formation of heat
affected zones (HAZ) that weaken the weld. A flyer workpiece is accelerated to impact a secondary,
stationary target at a critical velocity and angle, jetting out surface contaminants and oxide layers
to create a high pressure contact between the welding partners. A wavy interfacial morphology is
usually seen at the interface and believed to contribute to the bond strength [69], but there may be
voids and defects at the interface between two welded material surfaces due to excessive
temperature or abrupt material failure [52]. For specific material combinations, a waveless
interface has also been seen in at the interface [26]. Figure 5.1 gives some examples of interfacial
morphologies and defects of impact welding processes.
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Researchers have investigated the mechanism of the wavy morphology for decades both from
mechanical and metallurgical points of view, however, there is no consensus among them due to
the complex interfacial kinematics. Some attempted to explain the wave formation based on a fluid
analogy [12, 71, 72]. The elastic stress shock wave theory [16,17], vortex shedding mechanism
[73], and shear instability caused by high velocity impact [74,75] are also among the proposed
theories in the literature. One of the most popular mechanisms is that the wave is formed by the
hydrodynamic instability between the jet and the surface along which it propagates, which is also
called Kevin-Helmholtz instability [15, 72].

Figure 5.1. Interfacial morphology observed in: (a) Copper-Titanium [6], (b) Copper-Brass
[34], (c) Steel-Aluminum [70], and (d) defects at the interface [55].

Instead of expensive, time-consuming experimental tests in laboratories, numerical simulations
provide an alternative technique to understand the material behavior under dynamic loading.
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However, it is very challenging to simulate the impact welding process with the conventional finite
element method (FEM) based on Lagrangian formulations due to the highly coupled dynamic
nature of the process resulting in excessive element distortion at the interface. Several alternative
FEM methods have been used by previous researchers to overcome this difficulty. The ALE
approach has been used by Nassiri et al., to simulate the impact welding process between
Aluminum and Aluminum [76]. In this method, element distortion issues are handled by a
continuous remeshing procedure. But it was not proven that ALE in ABAQUS is able to capture
complex vortices at the interface and jetting phenomenon during impact welding. Also, the
Eulerian and SPH methods have been seen as promising numerical techniques to simulate impact
welding processes. Researchers have proven successful applications of these two methods in
various processes including MPW, VFAW, LIW, and explosive welding [55, 56, 58, 70, 77-79].

Unlike the Lagrangian approach, a spatially fixed finite element frame is utilized in Eulerian
method to overcome difficulties caused by excessive distortion of the finite element mesh. The
materials are allowed to flow through the mesh, creating new free surfaces, which permit large
deformation of materials. The Eulerian approach is based on volume of fluid method, as materials
in the vicinity of welding zone are considered to perform a fluid-like behavior. On the other hand,
SPH is a meshless method that a collection of particles is used to represent a continuum body.
Physical properties of any particle are computed by summing the relative properties of its
neighboring particles based on Kernel function. This allows an easy management of problems
caused by element distortion and material motion. In this study, in order to understand the material
behaviors in impact welding and compare merits and drawbacks of numerical methods, an impact
welding process between CP-Ti and Cu110 were conducted in the commercial software package
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LS-DYNA using both SPH and Eulerian methods. Both methods were able to capture the complex
interfacial morphology and jetting phenomenon effectively. The predicted process parameters
were compared. In addition, the wavy morphologies in both methods were validated by
experimental results. A good agreement between numerical and experimental results gives
confidence in both numerical modellings.

5.2 Numerical Methods
The numerical simulations were carried out in the commercial software LS-DYNA. A schematic
of the model was shown in Figure 5.2. Two plates were modeled, both of which have the
dimensions as shown in the figure. The angle between them was initially set as 16˚. In order to
investigate the influence of the impact velocity on the wavy interfacial morphology, , the flyer’s
initial vertical velocity was set to various values. Materials for both plates were CP-Ti as the flyer
and Cu110 as the base, respectively. The top of the base plate was fixed as a boundary condition.
To capture the complex wavy interfacial morphology, a fine mesh (5 by 5 µm) was defined in both
methods.

The Johnson-Cook constitutive model was used to describe the high strain rate material behavior
for both plates:

𝜎̅(𝜀𝑝 , 𝜀𝑝̇ , 𝑇) = [𝐴 + 𝐵(𝜀̅𝑝 )𝑛 ][1 + 𝐶𝑙𝑛(

𝜀𝑝̇
̇
𝜀𝑝0

)][1 − (𝑇 ∗ )𝑚 ]

Eq. (5.1)

where 𝜎̅ is the equivalent flow stress, 𝜀̅𝑝 is the equivalent plastic strain, 𝜀𝑝̇ is the equivalent plastic
strain rate, 𝜀𝑝0̇ is the reference plastic strain rate, T* is the homologous temperature and T*= (T Troom) / (Tmelt - Troom), and A, B, C, n and m are material constants. The Johnson-Cook parameters
and material properties for CP-Ti and Cu110 are given in Table 5.1 [51 ,80].
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Figure 5.2. Schematic of FEA model setup.

Materials

Young’s
modulus
(GPa)

Density
(kg/m^3)

Poisson
ratio

Shear
modulus
(GPa)

Thermal
conductivity
(W/m-K)

Specific heat
(J/kg-K)

Cu110

117

8960

0.33

44

390

385

CP-Titanium

105

4510

0.37

38.3

16.4

523

Materials

A (MPa)

B (MPa)

n

C

m

Tmelt (K)

Cu110

90

292

0.31

0.025

1.09

1356

CP-Titanium

359

668

0.49

0.0194

0.58

1938

Table 5.1. Material parameters used in numerical simulations [ 51 ,80].
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The Mie-Grueneisen equation of state (EOS) gives a pressure-density relation and was used to
explain the pressure at the contact point based on thermodynamic conditions of the materials. Thus,
the density is a state variable described by the equation of mass conservation [55]. A coupled
structural-thermal analysis was used to predict both the temperature and wave at the interface. The
adiabatic heating was assumed as 0.9 of an inelastic heat fraction [81]. It means that the fraction
of mechanical work converted into heat was 90% through the entire process. Small time increments
had to be used even though resulting in expensive computational cost. Thus, to keep the analysis
stable and accurate, time increments can be approximated using [54]:
𝜌

𝑡 ≈ 𝐿𝑚𝑖𝑛 √

Eq. (5.2)

𝐸

where Lmin is the minimum element size in the model, ρ is the material density, and E is the Young’s
Modulus.

5.2.1 SPH Model
SPH method is a meshless Lagrangian technique capable of efficiently and accurately modeling
material deformation problems. It does not suffer from difficulties resulting from mesh tangling in
large material deformation. The smoothing function (or Kernel function) determines the smooth
length and number of neighboring particles that affect the physical properties of each particle. In
addition, nearby particles affect more than the distant ones. The smoothing function (Eq. 5.3) and
governing equations (Eq. 5.4–5.6) of SPH are given below as continuity, momentum, energy
equations [58]:

𝑓(𝑟) ≅ ∑𝑗
D𝜌𝑖
𝐷𝑡

𝑚𝑗

𝑓 𝑊(|𝑟
𝜌𝑗 𝑗
𝛽

− 𝑟𝑗 |, ℎ)
𝛽 𝜕𝑊𝑖𝑗

= ∑𝑁
𝑗=1 𝑚𝑗 (𝑣𝑖 − 𝑣𝑗 )

𝛽

𝜕𝑥𝑖

Eq. (5.3)

Eq. (5.4)
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Dv𝛼
𝑖
𝐷𝑡

De𝑖
𝐷𝑡

𝛼𝛽

𝛼𝛽

=

𝜎𝑖
− ∑𝑁
𝑗=1 𝑚𝑗 ( 𝜌2

−

1

𝑝𝑖

𝑝𝑗

2

𝜌𝑖2

𝑖

= ∑𝑁
𝑗=1 𝑚𝑗 (

−

𝜌𝑗2

𝜎𝑗

𝜌𝑗2

+ Π𝑖𝑗 )

𝜕𝑊𝑖𝑗

Eq. (5.5)

𝛽

𝜕𝑥𝑖
𝛽

𝛽

+ Π𝑖𝑗 ) (𝑣𝑖 − 𝑣𝑗 )

𝜕𝑊𝑖𝑗
𝛽
𝜕𝑥𝑖

+

1

𝛼𝛽 𝛼𝛽
𝜏 𝜏𝜀𝑖
𝜌𝑖 𝑖

Eq. (5.6)

where r is the location of particles, m and ρ are the mass and density of particles, respectively, h is
the smoothing length, vα is the component of the velocity, σαβ is the total stress, Πij is the artificial
viscosity that is used to eliminate the numerical oscillation, e is the internal energy, p is the pressure,
τ is the shear stress, ε is the strain rate, t is the time, and x is the spatial coordinate. In addition,
there are a total of 800,000 particles in this method. The particle size is consistent through the
entire model.

5.2.2 Eulerian Model
Unlike conventional Lagrangian and SPH methods, Eulerian approach introduces a spatially fixed
finite element mesh to overcome excessive element distortions. The materials are allowed to flow
through the mesh, so the air or void space between two plates has to be modeled for material
flowing. The constitutive response for the element containing multi-material is calculated based
on the volume-fraction-weighted average value of each material in the element. When the total
volume fraction is less than one in an element, it is filled by the air or void material accordingly.

In this method, the Lagrangian computations are still involved in each time increment, then a
Eulerian step is employed that state variables of the deformed material configuration are advected
onto the initial fixed mesh [82]. In this study, the Van Leer second order algorithm is used for the
advection. Small time increments are necessary to keep the advection stable. The conservation
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equations of mass, momentum and energy describing the time dependent states variables for
materials are given below [55]:
𝜕𝜌
𝜕𝑡
𝜕𝒖
𝜕𝑡
𝜕𝑒
𝜕𝑡

+ 𝒖. 𝑔𝑟𝑎𝑑(𝜌) = −𝜌. 𝑑𝑖𝑣(𝒖)

Eq. (5.7)

1

1

𝜌

𝜌

+ 𝒖. 𝑔𝑟𝑎𝑑(𝒖) = 𝑑𝑖𝑣(𝝈) + 𝑭𝒗

Eq. (5.8)

+ 𝒖. 𝑔𝑟𝑎𝑑(𝑒) = 𝝈: 𝑫

Eq. (5.9)

where ρ denotes density, u is the velocity, σ is the Cauchy stress, Fv is the internal body force, e is
the specific internal energy, and D represents the strain rate tensor.

5.3 Results
Figure 5.3 shows the result comparison of numerical simulations and experimental tests with same
impact velocities and angle as well as the material combination. The experimental results were
investigated in Vivek et al. [19]. Numerical results in both methods were in a good agreement with
experimental observations in terms of interfacial morphology. As shown in the figure, the impact
velocity was directly related to the wave formation, when the impact velocity is lower (585 m/s),
an ordered wave interface was generated, as the velocity increased, the wave with vortices were
formed. For all cases, the collision point propagated from left to right in the figure, the waves are
shallower in the initial section, larger wave amplitude (and vortices with high velocities) were
produced as the collision point progresses.

Jetting phenomenon can be captured in both simulations (see Figure 5.4). It cleans contaminants
and oxide layers off both welding surfaces. This jet is considered significant for a strong weld as
it provides a clear, oxide-free surface before the formation of the joint. It is difficult to observe
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ejected materials in experiments during the welding process. Thus, numerical simulations provide
a convenient means to study the jet-like material ejection. As is evident in the figure, the ejected
materials were mostly CP-Ti captured in both methods, as CP-Ti had lower material density and
stiffness compared to the welding partner Cu110. This fact was consistent with the observation
reported by previous researchers Kakizaki et al., [60]. It is considered that the metal jet
composition was independent of plate thickness or position, but dependent on the physical
parameters of metal plates. Kakizaki et al., observed experimentally that the jet was mainly
composed of low density material.

Figure 5.3. Interfacial morphology captured in both methods.
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Figure 5.4. Jetting phenomenon captured in both methods (770m/s case)

In order to compare process parameters predicted from both numerical methods, Figure 5.5 shows
the temperature and effective plastic strain at the interface with same values on the legend. The
distribution of the effective plastic strain concentrated on the waves with highest value in the
vicinity of the vortices, while the deformation of the rest of the materials remained in elastic. Note
that the effective plastic strain was over-predicted in SPH than in Eulerian approach, because the
particles were likely easier to move without mesh tangling. Further, temperature elevation in both
methods were occurred at the interface due to the large plastic deformation. However, in Eulerian
method, the temperature progressed at the interface and the highest value was predicted in the late
section, while SPH predicted a more constant temperature through the interface where the wave
vortices generated. Despite the difference in prediction of temperature distribution, the peak values
in both methods agreed to each other.

Figure 5.6 gives the process parameters in the vicinity of the collision point including the shear
velocity, pressure, and shear stress. A localized high shear velocity was captured at the collision
point in both approaches. As is shown in the figure, the elevated velocity zone was much larger in
CP-Ti side than in Cu110 side, leading to ejected materials mainly consisting of CP-Ti. Also, the
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ejected materials traveled with a velocity of approximately 2800 m/s. The pressure also
concentrated on the collision point, which was around 17.5 GPa. This numerical prediction was in
a good agreement to the estimated relation between the contact pressure and shear velocity 𝑝 =
𝜌𝑓𝑙𝑦𝑒𝑟

𝑉𝑠2
2

. In addition, shear stresses are considered as an important parameter resulting in the wave

pattern. The difference in the direction of shear stresses in both plates led to materials flowing
adversely, then creating waves.

Figure 5.5. Predicted a) effective plastic strain, and b) temperature by both methods (770m/s
case).
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Figure 5.6. Predicted a) shear velocity, b) pressure, and c) shear stress by both methods
(770m/s case).

5.4 Conclusions
In this chapter, both numerical approaches have been proven to be capable of simulating the impact
welding process. The complex interfacial morphology including vortices can be captured because
of the outstanding capacity to handle large deformation problems in both methods. In addition, the
jetting phenomenon was predicted. Majority of ejected materials was CP-Ti. This agreed to the
experimental observations investigated by Kakizaki et al., [60]. The effect of various impact
velocities on the formation of interfacial morphology was also investigated. Key process

79

parameters predicted by both methods were comparable, which provide the confidence in both
numerical modellings. Further, the accuracy of both numerical results was validated by
comparison with experimental tests using VFAW.
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6.EMF using UPA
This chapter is created from: Kinsey B., Zhang S., and Korkolis Y. 2018. “Semi-analytical
modelling with numerical and experimental validation of electromagnetic forming using a uniform
pressure actuator”. CIRP Annals Manufacturing Technology. 67(1), 285-288. and Zhang S., and
Kinsey B., 2019. “Importance of electrical and physical contact in electromagnetic forming
simulations”. Procedia Manufacturing 34. 133-138. (I conducted all EMF experiments; analytical
modeling; and numerical simulations presented in this paper and wrote the journal publication with
feedback from Prof. Kinsey.)

6.1 Introduction
EMF can be used to plastically deform lower strength materials (e.g., Mg and Al compared to
steel), reduce springback [83], and/or create a solid state weld between dissimilar materials [74].
Thus, there are various niche applications in the automotive, aerospace, and biomedical industries
for this technology [84]. Key to the process is the flow of eddy currents in the workpiece to
maximize the forming force achieved. Thus, the design of the process and accompanying tooling
is critical. For example, Kamal and Daehn [85] created EMF tooling that they designated as a UPA.
See Figure 6.1 which includes a die to create microscale features. But this can be replaced by any
desired tooling, even an open channel for free forming of the workpiece, as will be presented in
this chapter. The UPA set-up creates a return path for the eddy currents to flow, thus increasing
the strength of the opposing magnetic field and forming force. Without the return path, the eddy
currents would simply circulate in the workpiece producing a pressure that would vary spatially
and not be as strong near the edges of the workpiece.
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EMF is a complicated multi-physics problem with electro-magnetic, mechanical, and thermal
components. There are a few commercial software packages that can handle such simulations, e.g.,
LS-DYNA. Also, simplified analytical models have been developed to predict key process
parameters such as magnetic field strength, pressure distribution, velocity of the workpiece, and
deformation. For example, analytical models for free tube compression have been studied by
multiple researchers with simplifications included to aid calculations. In Weddeling et al. [86], a
perfectly plastic material model was used. A more realistic material model was incorporated in
Kinsey and Nassiri [30]; however, numerical simulation validation of magnetic pressure was not
provided. In both of these studies, good agreement with experimental results was obtained.

Others have considered analytical models for EMF processes of sheets. Hahn et al. [87] welded
5000-series Aluminum sheets to a 6000-series Aluminum square tubes. In addition to analytically
modelling the process, peel tests were conducted to verify the weld strength. Good agreement
between the analytical model and experiments was obtained. Thibaudeau and Kinsey [88] created
a simplified analytical model for a UPA sheet forming process. While this paper provided an
advancement in the state-of-the-art, there were limitations to this work. First, a rigid body
assumption was used for the material response. Thus, only a single value for displacement and
velocity was predicted, while a distribution is actually observed over the part geometry [88]. This
prevented the deformed geometry from being determined, which was also not measured
experimentally. Finally, validation of the analytical pressure distribution was not provided.

In this study, numerical, analytical, and experimental results from a UPA sheet forming process
are presented. The numerical simulations provide validation of the electromagnetic predictions of
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the analytical model, as well as the ability to assess stress and strain values that would otherwise
not be determined. The purely analytical model provides a low cost, short cycle time means to
investigate a UPA process for a given deformation application. Finally, the experimental results,
which included PDV to measure the workpiece velocity and coordinate measurement machine
(CMM) data, provide physical values to validate the numerical and analytical approaches. Good
agreement between these three research methods is demonstrated for velocity and displacement.

Figure 6.1. Cross section of uniform pressure actuator design [ 89].

6.2 Experimental Setup
Experiments were conducted on a 12kJ Maxwell Magneform (Model 7000JA) machine. A UPA
was fabricated based on analyses to optimize the process [88]. See Figure 6.2a for an image of the
entire process set-up and Figure 6.2b for the coil design. PDV, which is a laser-based
interferometric technique that monitors the shifting or beat frequency of the outgoing and returned
laser beam, was used to measure the velocity in the process [9]. The PDV system used in this
research has a resolution of 3.2m/s and is capable of measuring velocities over 500m/s. The output
of the laser detectors was recorded by a LeCroy WaveSurfer WS64MXS-B oscilloscope, with
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600MHz bandwidth, 5GS/s sampling rate, and 16Mpts memory per channel. The PDV probe was
targeted at the centre of the workpiece. Retroreflective tape (Nikkalite 48000 series) was attached
to the workpiece to assure proper reflection of the laser beam to the detector. The workpiece
deformation was measured with a zCAT CMM. The input current to the coil was measured with a
Powertek CWT 3000B Rogowski coil, capable of measuring up to 600kA. See Figure 6.3 for the
measured currents that were used as input into the numerical simulations. Basic circuit component
values, i.e., resistance, inductance, and capacitance, were determined from these current
measurements and used in the analytical model as well. To ensure the consistency and repeatability
of the experimental measurements, three tests were conducted at three energy levels (3.6, 4.8, and
6 kJ), with variations shown by the error bars in the experimental results. Figure 6.4 shows a
deformed workpiece with respect to the coil location along the length direction. Note the
oscillating shape with high displacement values at the ends and in the centre of the workpiece. The
approximate strain rate during these experiments was 103 s-1.
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Figure 6.2. Experimental (a) set-up, and (b) coil geometry.
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Figure 6.3. Currents measured in experiments.

Figure 6.4. Deformed workpieces for various energy levels .

6.3 Numerical Model
Numerical simulations were conducted in the commercial software LS-DYNA, which is a highly
advanced nonlinear finite element program to solve complex problems [54]. By performing

86

coupled EM-structural analysis, the EM module in LS-DYNA is capable of simulating an EMF
process. The software allows users to introduce a source electrical current into a solid conductor,
and then compute the associated electric field, magnetic field, and induced eddy currents if there
exists another conductor. These fields and currents are obtained by solving Maxwell Equations
using a FEM coupled with a boundary element method (BEM) to approximate the eddy currents
[90]. The BEM method is very convenient as it does not require the surrounding air or insulator to
be meshed. Therefore, the meshing problems caused by complicated conductor geometries, in this
case the helical coil, and remeshing problems of the air, which can result from moving conductors,
are avoided [91]. Although the BEM is only applicable for solving problems with a linear system
of equations, complex non-linear problems with small time steps can be simulated as well. The
Lorentz force calculated in the EM solver is transferred to the mechanical analysis and then applied
to the workpiece. If the workpiece is deformed, the new gap distance between the coil and
workpiece is taken into account in the EM solver, and new magnetic and electric fields are
calculated in the subsequent time increment. Thus, the effect of the workpiece motion on magnetic
and electrical fields is captured.

In this study, a UPA model was created in LS-DYNA (see Figure 6.5) including three parts: the
workpiece, outer channel and coil with the origin in the middle of the workpiece. The workpiece
and outer channel were defined as parts where eddy currents can be generated, and the coil was
able to carry introduced electric currents. The EM contact was defined between the outer channel
and workpiece, which allows the current to flow from one to another. Thus, a closed circuit was
created and Lorentz forces along the positive Y direction (see Figure 6.5) were generated and
applied to the workpiece. Dimensions of parts were consistent with that used in experimental tests.
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The workpiece was 1 mm thick for all the tests. There were totally ~40,000 elements in the model,
and five one-integration point elements were used through the thickness direction to ensure
accurate bending deformation was captured. Figure 6.5 also shows areas for the bank holder force
in the negative Y direction, which was applied to guarantee electrical and physical contact between
the workpiece and outer channel as well as to introduce a boundary condition while the workpiece
was deformed. Based on bolt torque measurements, the experimental blank holder pressure on the
workpiece was ~25 MPa, which is sufficient to ensure a proper contact and was used in the
simulations. The friction coefficient for this contact was set to a value of 0.3, which is a typical
value used in simulations for aluminum to aluminum contact.

Figure 6.5. Uniform pressure actuator model in LS-DYNA.

To reduce the computational time, the coil and outer channel were defined as rigid bodies and
excluded from the mechanical analysis. BEM matrices were recalculated every 1 µs and updated
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to the mechanical solver to capture the influence of workpiece deformation on magnetic and
electric fields. Currents introduced into the coil, i.e., from 3.6, 4.8, and 6 kJ charging energies,
were experimentally measured by a Rogowski coil [92] and used in the model (see Figure 6.3). At
each energy level, three tests were conducted to ensure the consistency of experimental
measurements (see error bars in Figure 6.3).

The workpiece material was Al6061-T6 for all tests. The material properties were determined from
Kolsky Bar tests, at various strain rates ranging from 100 to 104 s-1, for a power law hardening
relationship:

𝜎̅ = 𝐶𝜀̅𝑛 𝜀̇𝑚

Eq. (6.1)

where 𝜎̅ is the effective stress, 𝜀̅ is the effective strain, 𝜀̇ is the strain rate, and C, m, and n are
material constants. Material properties and constants are given in Table 6.1. The strain rate during
these experiments was on the order of 103 s-1 so consistent with the data used to generate the
material model. The thermal analysis was not taken into account in these simulations for simplicity.
C
(MPa)
447.2

n

m

0.067

0.006

Density
(kg/m3)
2660

Elastic
modulus

Poisson’s

(GPa)
68.9

ratio
0.33

Electrical
Resistivity
(ohm-nm)
39.9

Table 6.1. Material properties for AA6061-T6.

Figure 6.6 shows the pressure distribution obtained from the numerical simulations with respect
to time. The six individual coils are clearly visible along the length direction, while the pressure
along the width direction is fairly uniform. After the initial large peak values, smaller pressure
peaks are observed due to the oscillating current. See Figure 6.3.
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Figure 6.6. Numerically predicted pressure distributions applied on workpiece for the 3.6 kJ
case.

The numerically predicted displacement profile of an inverse saddle geometry was consistent with
experimental observations (see Figure 6.7a). Also, the workpiece material draw-in was captured
in simulations in terms of relative motion between the workpiece and outer channel (see Figure
6.7b). As is evident in Figures 6.4 and 6.7, larger deformation was observed at the center of
workpiece resulting from the higher pressure applied at this location. In addition, both edges were
also turned up. This is due to shear stresses (see Figure 6.8). Initially, i.e., <70% of the entire
process, the shear stresses concentrate in the middle of the workpiece due to the pressure
distribution being highest in this region. As the process progresses (~82% of the entire process),
the free surfaces at the edges of the workpiece start to turn up because of inertial effects and
boundary conditions. A more uniform height is observed over the entire length, z-direction of the
workpiece, and the shear stress distribution is more evenly distributed. By the end of the process,
the free surface at the edges of the workpiece have deformed more leading to the inverse saddle
geometry and final shear stress values being highest in these areas. Numerical errors cause the
distributions to not be perfectly symmetric in the length, z- and width, x-directions, although
general symmetry is observed.
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Figure 6.7. Numerically predicted pressure distributions applied on workpiece for the 3.6 kJ
case.

Figure 6.8. Shear stresses at various time increments for the 3.6 kJ energy case (units: MPa).
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6.4 Analytical Model
The analytical model has 3 components. First, electrical calculations are used to determine the
current flowing from the capacitor bank to the coil. Next, magnetic calculations determine the field
distribution and strength between the coil and workpiece, as well as the magnetic pressure applied
on the workpiece. Lastly, the displacement profile of the workpiece deformed by the magnetic
pressure is predicted by plate bending theory, in which the off-plane shear stresses contribute to
the plastic deformation. The electrical and magnetic calculations are also used in [88]; therefore,
these are only briefly reviewed here.

The governing integro-differential equation of the transient response of the primary circuit is given
by:
1

∫ 𝑖𝑝 𝑑𝑡 + 𝑖𝑝 𝑅 + 𝐿
𝐶

𝑑𝑖𝑝
𝑑𝑡

=0

Eq. (6.2)

where R, L, and C are the total resistance, inductance, and capacitance in the circuit, respectively,
and ip represents the current. The initial condition of this integro-differential equation for the
capacitor bank when the main switch is closed at t=0 is:

𝑖𝑝 (0) = 0,

𝑑𝑖𝑝
𝑑𝑡

(0) =

𝑉𝑐𝑑
𝐿

Eq. (6.3)

where Vcd is the initial voltage on the capacitor. These equations can be solved to obtain ip(t) [88].
The predictions from the analytical model are nearly identical to the experimental results but with
some discrepancies for later oscillations for the 6 kJ case. These are due to workpiece deformation,
temperature effects, and other complicated electromagnetic impulse and process parameter
interactions.
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The magnetic field strength Hgap is the resultant field from the superposition of magnetic field
strength from many differential elements dHgap. With the workpiece and coil geometries in this
study, only the magnetic field strength tangential to the workpiece surface in the longitudinal
direction He,x is considered, and given by [93]:

𝐻𝑒,𝑥 =

𝑖
2𝜋

[

𝑔(𝑥,𝑦)−𝑦
(𝑔(𝑥,𝑦)−𝑦)2 +𝑥 2

+

𝑔(𝑥,𝑦)+𝑦
(𝑔(𝑥,𝑦)+𝑦)2 +𝑥 2

]

Eq. (6.4)

where x and y are coordinate dimensions, g(x,y) is the gap between the workpiece and coil. With
the magnetic field strength, the pressure applied on the workpiece is [83]:
1

2
𝑃 = 𝜇𝑘𝐻𝑔𝑎𝑝

Eq. (6.5)

2

where μ is the permeability of the material and k is the coupling coefficient accounting for the
magnetic coupling between the coil and workpiece, which was measured experimentally to be 0.45
[88]. As the gap changes due to workpiece deformation, the magnetic field strength is affected.
The displacement profile of the workpiece is predicted by Mindlin plate theory [94], which is
widely used for cases where the plate transverse shear deformations cannot be ignored, using a
finite element solution. Newmark-Beta and modified Newton-Raphson methods are implemented
for the time loop and material nonlinearity respectively. The material model in Eq. (6.1) was used
for this modelling effort as well. The plate is represented by a two-dimensional plane, and divided
into 400 rectangular elements, 0.25 mm x 0.3175 mm. There are only 3 degrees of freedom for
each node, i.e., deflection and rotations about the two in-plane axes. The fibre that is perpendicular
to the mid-plane remains straight after the deformation, but rotates. The potential energy
expression for the plate element is:
ℎ

1

ℎ

1

𝑈𝑒 = ∫𝐴 ∫0 𝜀 𝑇 𝜎𝑑𝐴𝑑𝑧 + ∫𝐴 ∫0 𝜏 𝑇 𝛾𝑑𝐴𝑑𝑧
2
2
𝑒

𝑒

Eq. (6.6)
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where h is the thickness of the plate. The first term is for in-plane stresses and strains, and the
second term is for transverse stresses and strains, where γ is given by:
𝑑𝜔

𝜃𝑦 +
𝜀𝑥𝑧
𝑑𝑦
𝛾 = {𝜀 } = {
}
𝑑𝜔
𝑦𝑧
−𝜃𝑥 +

Eq. (6.7)

𝑑𝑥

where ω is the deflection and θx and θy are the rotations about the in-plane axes, respectively. With
the pressure calculated from the electrical and magnetic calculations in Eqs. (6.2) – (6.5), the
velocity and deflection of each node can be predicted from Eqs. (6.6) and (6.7).

Figure 6.9 shows a comparison between the pressure obtained from the numerical simulations and
analytical model. The locations of the coils are clearly visible. The error in the centre is 19.6%,
which for the simplicity of the analytical model is reasonable. One cause of this error is that the
current is assumed to be uniform in the coil cross-section of the analytical model. However, the
current concentrates in the corner areas of the square coil cross-section and in the skin depth which
changes the pressure distribution. If considering the average pressure over the entire length, the
error is only 10.7%. Figure 6.10 shows the analytical predicted displacements at all width and
length locations of the workpiece. These will be compared to the experimental and numerical data
in the next section.
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Figure 6.9. Comparison of analytical and numerical pressure distributions at peak values for
3.6 kJ case.

Figure 6.10. Analytical prediction of deformation over entire workpiece for the 3.6 kJ case.
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6.5 Results Comparison
Figure 6.11 shows a comparison between the experimental, analytical, and numerical velocity
results. As shown using error bars, consistent velocity data is obtained from the experiments. The
analytical model under predicts the velocity despite the higher pressure as shown in Figure 6.9.
This may be due to not accounting for temperature effects in the material model. The numerical
simulation over predicts the velocity due to the idealized conditions, e.g., lack of air drag, perfect
current pulse, etc. Also, compared to the analytical model, convergence is obtained at each time
increment, which causes results between the two modelling methods to vary. Finally, note the
sooner deceleration of numerical results with decreasing velocity after ~70 μs, with experiments
and numerical results matching for the 6 kJ case. However, modestly good agreement is observed
at the first plateau (~40 μs) with errors of 14.5%, 14.9%, and 16.2% for the numerical simulations
and 12.4%, 15.5%, and 17.8% for the analytical model in comparison to the 3.6, 4.8, and 6 kJ
experimental cases respectively.

Figure 6.11. Comparison of velocity for analytical model, numerical simulations, and
experimental tests for (a) 3.6, (b) 4.8, and (c) 6 kJ cases.

A comparison between the deformed workpiece displacements is shown in Figure 6.12 with
respect to the cross-sectional locations indicated in Figure 6.6. Despite the only modestly accurate
predictions of velocity in Figure 6.11, the deformed workpiece dimensions show good agreement,
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in particular in the centre of the geometry. But this varies with the numerical model providing
more accurate results for the 3.6 kJ case and the analytical model being more precise for the 6 kJ
case. The numerical model matches the 3.6 kJ experiments better physically. For the 3.6 kJ case,
<1 mm of material draw-in was observed experimentally and in the simulations, thus, the
numerical and experimental results are more consistent with each other. The errors for the
displacement measurements are 0.4%, 7.1%, and 7.7% for the numerical simulations and 12.8%,
4.5%, and 1.8% for the analytical model in comparison to the 3.6, 4.8, and 6 kJ experimental case
respectively at the centre of the workpiece.

Both predictions and experimental measurements indicate turn up of the free edges of the
workpiece at the ends of the length direction with similar displacement values in the centre region.
The numerical simulations allow investigation of this effect. Shear stresses in the width-thickness
direction at the centre and both ends of the workpiece cause this effect.

Figure 6.12. Displacement profile comparison in (a) length, z -, and (b) width, x-directions
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Figure 6.13 shows a comparison of material draw-in along the width, x-direction between
numerical and experimental results. Numerical predicted draw-ins were lower than experimental
measurements, which may be due to the simplified friction coefficient and perfect EM contact
between the workpiece and outer channel defined in the simulations. Note that the numerically
predicted displacement of the workpiece was overestimated (comparing FEA to experimental
results) in Figure 6.12 while the material draw-in was underestimated in Figure 6.13. There are
several possible causes of this including the simplification of simulations with respect to material
isotropy, perfect electrical and physical contact between parts, and linear approximations in both
FEM and BEM matrices. These assumptions and simplifications of numerical analyses also
resulted in larger error for displacement predictions in the case with more material draw-in, i.e.,
the 6 kJ case.

Figure 6.13. Material draw-in comparison
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6.6 Conclusions
In this study, EMF with a UPA was investigated through experiments, analytical modelling, and
numerical simulations with comparisons between velocity and displacement results. The unique
aspects of this work are the examination of the EMF free forming process and the incorporation of
a deformable material in the analytical model for UPA forming. Despite the simple algorithms
used in the analytical model, good predictions were obtained providing a cost and time effective
means to assess the process. The numerical simulations allow thorough investigations of the
stresses and strains in the process not otherwise obtainable. The experimental results validate the
two modelling techniques through velocity and final part measurements for this specific geometry.
The results show reasonably good agreement between the experimental, numerical, and analytical
results, considering this complicated, multi-physics process.
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7.CONCLUSIONS AND OUTLOOK
7.1 Conclusions
In this dissertation, effects of various process parameters on interfacial morphologies of impact
welding processes were investigated through both experiments and numerical analyses. In Chapter
2, the influences of flyer thickness and impact angle on impact welding interface were studied
using VFAW. The material combination used in this chapter was Al1100-O as the flyer and AISI
1018 steel as the target. There was no formation of vortices at the interface. ALE was selected as
the numerical method that replicated the experimental observations. Both increasing impact angle
and flyer thickness resulted in the increase of interfacial wavelength. The elevated temperature at
the interface predicted by ALE was consistent with the formation of isolated molten zones
observed in experiments.

In Chapter 3, effects of impact velocity, target thickness, and mandrel inclusion on the interface
were investigated through MPW of tubular parts. Al6060T4 and Cu-ETP were used as the flyer
and target, respectively. The wavelength was observed to increase with both increasing impact
velocity and target thickness. Also, the mandrel inclusion led to the increase of interfacial
wavelength. With a sufficient impact velocity, a well-supported target (i.e., a thick target and the
support of a mandrel) allowed for vortices to be created at the interface. Effects of these parameters
and vortices formation were predicted by SPH, which was also shown to successfully predict the
jetting phenomenon. The ejected materials were mostly composed of the tube with a lower density.
This finding was consistent with previous researchers’ studies.
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In Chapter 4, effects of target material properties on the interface were investigated. The flyer
material was Al1100-O. Three target materials were selected in this chapter. Cu101 and Cu110
were selected to study the effect of target yield strength. CP-Ti was used to investigate the target
material density effect. Both numerical predictions and experimental observations indicated that a
lower yield strength of the target allowed for the formation of an interfacial wavy pattern for the
material couple of Al1100 and Cu110. A higher yield strength of target, i.e., Cu101, resulted in a
flat interface. When using CP-Ti, which has a lower density and higher yield strength than the
copper alloys, as the target material, an interface with smaller waves was obtained. In addition,
two fictitious materials, i.e., CP-Ti with a Cu110 yield point and Cu110 with CP-Ti density, were
defined in the numerical simulations to further investigate target material properties effects. The
numerical predictions of using these fictitious materials were compared to those of using the actual
CP-Ti and Cu110, respectively. Larger interfacial wavelengths were found in the results with
fictitious materials as targets, which supports the hypothesis that both lower yield strength and
lower density led to a wavy pattern at the interface for these specific material combinations.

Two numerical approaches, i.e., SPH and Eulerian formulations, were used to predict the
interfacial morphology between Cu110 and CP-Ti in Chapter 5. Both the interfacial morphology
and jetting phenomenon were captured in the two methods. The accuracy of the results predicted
in both methods were validated by VFAW experimental tests. Parameters including temperature,
shear stress, shear velocity, and effective plastic strain at the interface were in a good agreement
in both numerical approaches. Results consistency in experiments and numerical simulations
provided further confidence that SPH and Eulerian methods were reliable tools to be used in impact
welding.
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Finally, EMF using a UPA was studied numerically, analytically, and experimentally in Chapter
6. The results were compared in terms of velocities and displacements of the workpiece. The
relative motion between the outer channel and workpiece was taken into account by using EM
contact in the numerical simulations. Consistent workpiece velocities and displacements were
obtained for the experimental observations and numerical and analytical predictions. Shear stresses
and boundary conditions were considered to be the main reasons for the formation of the saddle
profile obtained. Further, despite the simplifications and assumptions used, the analytical model
provided reasonable predictions.

7.2 Outlook
Further investigations can be carried on with respect to various aspects of this dissertation. For
example, more process parameters can be investigated including the gap distance between the flyer
and target, length of the field shaper concentration zone, flyer material properties, etc. The welded
seam can be investigated in terms of grain elongations, grain orientations, and atomic diffusions.
In the numerical simulations, the effect of internal stress waves on interfacial morphology can be
investigated through various flyer and/or target thicknesses. Material anisotropy, complex yield
criterion, failure criterion, and material microstructure evolution can be added to the numerical
models. The analytical model in Chapter 6 can be improved by adding electricity loss between
connections in the EM theory, and air drag effect to the forming session can be included, as well
as using a more comprehensive plate theory to predict the displacement profile.

In addition as a separate topic based on my industrial internship at LSTC, electrophysiology
derived from a EM model can be used to investigate cardiac pathology. The propagation of the

102

cell transmembrane potential in the heart triggers the onset of cardiac muscle contraction, which
results in the pumping of the blood to the various organs in the body. Thus, a EM model can be
coupled with mechanical and Fluid Structure Interaction (FSI) models to study the clinically
relevant blood flow parameters, as well as valves or cardiac devices. This model will provide a
deeper understanding of the cardiac function and help detect heart diseases, such as Arrhythmia.
Different propagation models that can be coupled with the diffusion of the potential along the walls
of the heart between inner and outer parts of the cells can be investigated.
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